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increased  as  volume  fraction  of  primary  alpha,  aluminum  content  oil 
primary  alpha,  aluminum  content  of  beta  phase,  or  vanadium  content! 
of  beta  phase  decreased.  Similarly,  for  as-solution  treated 
CORONA-5,  increases  in  volume  fraction  of  primary  alpha,  aluminum 
and  molybdenum  contents  of  primary  alpha,  or  chromium  content  of 
beta  phase  led  to  a  decrease  in  toughness.  In  the  case  of 
solution-treated  and  aged  6-4,  the  analysis  indicated  that 
toughness  was  improved  by  increasing  the  vanadium  content  of  the 
beta  phase,  increasing  the  size  of  secondary  alpha  plates, 
reducing  the  aluminum  content  of  primary  alpha,  or  by  reducing  the] 
volume  fraction  of  retained  beta.  Aging  CORONA-5  after  solution 
treatment  resulted  in  a  very  fine  secondary  alpha  structure  within 
transformed  beta  regions*^  For  this  alloy,  toughness  was  improved 
by  increasing  the  chromi dk  contents  of  primary  alpha  and  beta 
phases,  increasing  the  volume  fraction  of  beta  phase,  reducing  the 
aluminum  contents  of  primarjXalpha  and  beta  phases,  or  by  reducing 
the  size  of  secondary  alpha  p\ates.  The  differences  between 
Ti-6Ai.-4V  and  Ti -4 . 5Aj£-5Mo-1  .  5Cr  can  be  attributed  to  the  volume 
fractions  of  primary  alpha  (^90  pet.  in  6-4,  ~50  pet.  in  CORONA-5) 
and  the  average  size  of  secondary  alpha  plates.  In  the  Second 
Part  of  this  program,  Ti-6Ai-4V  processed  from  pre-alloyed  powder 
was  analyzed  for  microstructural  anomalies  and  elemental  parti¬ 
tioning.  The  inferior  mechanical  properties  of  the  as  hot- 
isostatically  pressed  material  could  be  related  to  the  presence 
of  voids  and  bubbles  in  the  microstructure,  as  well  as  the  non¬ 
equilibrium  partitioning  of  aluminum  and  vanadium  between  the 
alpha  and  beta  phases.  In  the  Third  Part  of  the  program,  the 
effects  of  surface  condition,  microstructure,  and  internal 
hydrogen  on  fatigue  crack  initiation  in  Ti-6A£-4V  were  studied. 
Neither  surface  residual  stresses  nor  internal  hydrogen  promoted 
internal  fatigue  crack  initiation  in  beta  treated,  recrystalliza¬ 
tion  annealed,  or  solution  treated  and  overaged  6-4.  Surface 
residual  stresses  were  apparently  relieved  as  a  result  of  cyclic 
softening  during  fatigue  testing  and  were  thus  rendered  ineffectua 
in  promoting  internal  crack  initiation.  Internal  hydrogen  was 
found  to  enhance  ductility  in  the  localized  region  of  the  crack 
tip  and  made  no  contribution  to  internal  crack  initiation. 
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PREFACE 

This  document  is  the  final  report  on  Contract  N00014-79-C-0567 
sponsored  by  the  Office  of  Naval  Research  entitled  "Fracture  and  Fatigue 
Characteristics  in  Titanium  Alloys."  This  report  describes  results  of 
research  conducted  during  the  period  July  1979  through  September  1981.  The 
program  was  monitored  by  Or.  Bruce  MacDonald  of  ONR  and  was  conducted  at  the 
Rockwell  International  Science  Center  by  Mr.  C.  C.  Rhodes,  Mr.  J.  C.  Chesnutt, 
Dr.  M.  R.  Mitchell,  and  Dr.  N.  E.  Paton.  Experimental  assistance  was  provided 
by  Messrs.  R.  A.  Spurling,  P.  Q.  Sauers,  M.  Calabrese,  L.  F.  Nevarez, 

A.  R.  Murphy  and  Mrs.  M.  V.  Spriggs.  Regression  analysis  was  performed  by 
Mr.  Jack  Gysbers.  Ti-4.5Al-5Mo-l.5Cr  was  kindly  supplied  by  Prof.  Harold 
Margolin  of  the  Polytechnic  Institute  of  New  York.  Powder  processed  Ti-6A1-4V 
was  made  available  to  us  by  Drs.  J.  E.  Magnuson  and  R.  R.  Boyer  of  the  Boeing 
Airplane  Company. 
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1.0  INTRODUCTION 

Titanium  alloys  offer  excellent  strength  to  density  ratios  and  are 
used  in  a  wide  variety  of  vehicle  structures,  ranging  from  moderately  to 
severely  loaded  parts.  Consequently,  a  detailed  understanding  of  the  fracture 
characteristics  of  these  alloys  is  of  great  importance.  Although  there  has 
been  a  continuing  advancement  in  recent  years  in  our  understanding  of  fracture 
behavior,  there  are  still  several  areas  in  which  further  study  is  needed. 

This  three-part  report  describes  the  results  of  a  study  in  three  such  areas. 
Part  I  is  concerned  with  the  effects  of  heat  treatment  and  microstructure  on 
fracture  toughness,  fatigue  crack  propagation,  and  tensile  properties  in  a /b 
titanium  alloys.  Part  II  involves  microstructural  studies  of  powder  processed 
titanium  alloy,  and  Part  III  is  directed  at  characterizing  internal  fatigue 
crack  initiation  sites  in  an  a/8  alloy. 

Part  I  includes  a  systematic  study  of  the  effect  of  sub-transus  heat 
treatments  on  microstructure  and  mechanical  properties  in  T i -6A1 -4V  and 
Ti-4.5Al-5Mo-l.5Cr  (CORONA  5).  Very  little  is  known  about  the  mechanisms  by 
which  variations  in  sub-transus  treatment  temperature  produce  changes  in 
fracture  toughness,  fatigue  crack  propagation,  and  tensile  properties  in  a/8 
alloys,  hence  Part  I  was  aimed  at  exploring  this  area.  The  wide  variety  of 
annealing  treatments  used  in  industry  points  out  the  importance  of  understand¬ 
ing  the  mechanism  by  which  sub-transus  treatments  can  alter  mechanical 
properties. 

It  has  been  reported  that  fracture  toughness  in  a/B  titanium  alloys 

decreases  with  increasing  sub-transus  solution  temperature*"^  and  a  similar 

effect  has  been  observed  for  fatigue  life  of  Ti-6A1-4V.^  Although  there  is 

speculation  that  the  :nfluence  of  sub-transus  treatment  arises  from  1)  the 

amount  of  grain  boundary  alpha^  or  2)  the  size  and  spacing  of  fine  a-phase 

particles  in  the  transformed  8  regions,^  neither  has  been  established. 

Indeed,  some  workers  who  have  observed  the  effect  have  declined  to  speculate 
1  3 

on  its  origin.  *  It  is  quite  likely  there  are  other  factors  contributing  to 
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this  phenomenon.  For  instance,  the  strength  and  toughness  of  each  of  the  two 
phases  in  the  microstructure  are  dependent  on  the  composition  of  each  phase, 
hence  partitioning  of  alloying  elements  and  impurities  between  the  alpha  and 
beta  phases  is  an  important  variable  contributing  to  fracture  toughness. 

Volume  fractions  of  alpha  and  beta  phases  are  also  likely  factors  influencing 
toughness,  fatigue  crack  resistance  and  tensile  properties. 

T1-6A1-4V  was  selected  in  this  study  because  it  has  extensive  appli¬ 
cations,  and  CORONA  5  was  selected  to  compare  the  findings  of  6-4  with  those 
in  an  a/e  alloy  having  the  more  slowly  diffusing  Mo  added  as  a  e-stabilizer. 
The  primary  objective  of  this  part  of  the  program  was  to  ascertain  which 
microstructural  features  and  compositional  variations  are  instrumental  in 
affecting  fracture  toughness,  fatigue  crack  propagation  values  and  tensile 
properties.  With  these  parameters  defined,  it  will  be  easier  to  devise  heat 
treatments  to  produce  desired  mechanical  properties  in  an  a/e  alloy. 

Part  II  is  an  investigation  into  the  microstructure  of  Ti-6A1-4V  made 
by  powder  metallurgy  (PM)  techniques.  The  fabrication  of  titanium  alloy  parts 
(near  net  shapes)  by  PM  techniques  has  received  considerable  attention 
recently,6"9  primarily  as  a  cost  saving  approach  to  the  manufacture  of 
finished  products.  Processing  techniques  are  still  in  the  evolutionary 
stages,  and  at  this  juncture,  the  use  of  pre-alloyed  powder  which  is  pressed, 
sintered  and  hot-isostatical ly  pressed  appears  to  offer  the  most  promise.  In 
general,  it  has  been  reported  that  mechanical  properties  such  as  tensile,6 
fracture  toughness,®  LCF,8  and  HCF®  in  PM  Ti-6A1-4V  are  inferior  to  those  in 
the  wrought  alloy. 

The  degradation  of  mechanical  properties  in  PM  titanium  alloys  has 
been  attributed  to  foreign  contaminants  introduced  during  the  processing  of 
the  powders.  However,  there  has  been  no  characterization  of  the  microstruc¬ 
ture  developed  in  PM  products  In  terms  of  alloying  element  partitioning  and  a 
and  3  phase  distributions.  It  is  quite  possible  that  properties  of  PM  pro¬ 
ducts  can  be  accounted  for  by  microstructural  considerations  and  that  addi¬ 
tional  processing  that  develops  structures  present  in  wrought  material  will 
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restore  properties.  The  objective  of  this  task  was  to  assess  the  microstruc¬ 
tures  developed  in  PM  products  and  compare  them  to  conventional  wrought  mate¬ 
rial  microstructures. 

Part  III  is  concerned  with  the  Influence  of  surface  condition  and 
Internal  hydrogen  on  fatigue  crack  Initiation.  Advanced  manufacturing  tech¬ 
niques  for  Ti-6A1-4V  utilize  many  surface  finishing  techniques.  For  example, 
chemical  machining,  grinding,  polishing,  and  in  some  instances,  where  enhanced 
fatigue  resistance  is  required  in  the  long-life  regime  (i.e. ,  approximately 
106  cycles  and  greater),  shot  or  strain  peening  are  employed.  Each  process 
results  in  a  surface  residual  stress  that  may  be  tensile  or  compressive  and 
which  will  affect  not  only  the  fatigue  life  but  also  the  location  (surface  or 
subsurface)  of  crack  initiation.1® 

It  is  well  established  that  residual  stress  patterns  and  the  relaxa¬ 
tion  rate  of  residual  surface  stresses  are  markedly  affected  by  the  strength 
and  microstructure  of  a  material,  as  well  as  the  stress  or  strain  history  of  a 
service  environment. 11  For  example,  a  lower  rate  of  residual  stress  relaxa¬ 
tion  is  associated  with  lower  stress  amplitudes  and  higher  yield  strength. 
Thus,  In  a  fatigue  situation,  "soft"  materials  will  not,  generally,  sustain 
residual  stresses  as  a  result  of  cyclic  plasticity  generated  even  at  low  cycle 
stress  ampl itudes. 1^.13 

Hydrogen  effects  on  both  fatigue  crack  initiation  and  propagation  in 
a/e  alloys  involve  a  complex  interaction  of  hydrogen  solubility  and  diffusion 
in  the  beta  phase  and  diffusion  and  hydride  precipitation  in  the  alpha 
phase.  Hydrogen  concentrations  in  the  range  of  3  to  1500  ppm  are  known  to 
have  a  pronounced  effect  on  crack  initiation  and  propagation.1^-16  Specific 
combinations  of  temperature  and  stress  can  enhance  hydride  precipitation17, 
localized  cracking  and  early  initiation. 

Therefore,  this  portion  of  the  research  on  T1-6A1-4V  was  focused  on 
the  potential  for  subsurface  crack  Initiation  due  to  the  combined  effects  of 
surface  preparation  techniques.  Internal  hydrogen  contents,  and 
microstructure. 
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2.0  EXPERIMENTAL 

The  alloys  used  in  Part  I  had  nominal  compositions  of  Ti -6A1 -4V  and 
T1-4.5Al-5Mo-l.5Cr  (CORONA  5);  chemical  analyses  are  given  In  Table  I.  Each 
of  the  alloys  was  o/e  processed,  resulting  in  a  microstructure  consisting  of 
equiaxed  primary  alpha  in  a  beta  matrix.  The  Part  II  alloy.  Table  I,  was 
T1-6A1-4V  supplied  to  Rockwell  International  by  Boeing  vrfiere  mechanical  tests 
were  performed. 6  Heat  treatments  were  carried  out  with  samples  either  in  a  , 

flowing  inert  gas  atmosphere,  encapsulated  in  evacuated  ampules  or,  for  low 
temperature  aging,  in  salt  bath. 


Table  I.  Compositions  of  Alloys  Used  in  Parts  I,  II,  and  III 


Fracture  toughness  was  measured  by  notched,  pre-cracked  Charpy  bars 
tested  in  slow  bend.  The  slow  bend  tests  produced  a  value  of  W/A  which  was 
converted  to  Kg  through  the  expression  Kg  =  [(W/A)E/2(l-v2]1/2,  where  W  is 
energy  required  to  fracture  the  specimen,  A  is  the  fracture  area  of  the 
specimen,  E  is  Young's  modulus,  and  v  is  Poisson's  ratio.  Compact  tension 
specimens  were  used  for  fatigue  crack  growth  rate  measurements,  which  were 
carried  out  in  laboratory  air  at  room  temperature  at  30  Hz  and  R  =  0.1.  Crack 
length  was  measured  optically  with  the  specimens  removed  from  the  testing 
machine.  Tensile  tests  were  performed  on  round  bars  at  l  =  2. 6  *  10”*  s“*. 
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Thin  foils  for  transmission  electron  microscopy  were  prepared  by 

IQ  IQ 

conventional  electropolishing  techniques  or  by  ion  milling.  3  The  foils 
were  examined  in  a  Philips  EM  400  electron  microscope,  equipped  with  double 
tilt  goniometer  stage,  scanning/transmission,  and  x-ray  energy  dispersive 
analysis  accessories.  Fractography  was  carried  out  using  an  ETEC  Autoscan 
scanning  electron  microscope  (SEM). 

Quantitative  x-ray  energy  dispersive  microanalysis  of  the  individual 
phases  in  the  microstructure  was  accomplished  by  means  of  the  technique 
described  in  the  Appendix  and  in  Ref.  20.  Volume  fraction  measurements  of 
alpha  and  beta  phases  were  made  by  the  point  count  method21  directly  on  the 
SEM  CRT  image. 

Specimen  blanks  for  Part  III  of  the  program  were  cut  from  uniformly 
and  weakly  textured  pancake  forgings  of  well  documented  T1-6A1-4V,16 
Table  I.  The  blanks  were  heat  treated  to  produce  the  microstructures  BF,  RA 
and  STOA  using  the  schedule  outlined  in  Table  II.  Internal  hydrogen  charging 
to  nominally  3,  100  and  300  wppm  was  then  accomplished  in  a  Si  evert' s 
apparatus.  Specimens  were  machined  to  the  finished  dimensions  shown  in  Fig.  1 
after  hydrogen  charging.  Several  specimens  of  each  microstructure  in  the  as- 
machined  condition*  were  set  aside  for  subsequent  testing.  Other  specimen 
lots  were  either  electrochemically  polished  or  shot  peened.  Prior  to  fatigue 
testing,  the  surface  residual  stresses  were  measured  in  the  longitudinal 
direction  using  x-ray  analysis.  Testing  was  concentrated  between  fatigue 
lives  of  105-107  cycles  since  surface  treatment  effects22"24  and  internal 
hydrogen  contents25  are  most  pronounced  in  this  regime.  Also,  longer  life 
testing  should  promote  subsurface  crack  Initiation  since  nominally  elastic 
behavior  prevails,  as  opposed  to  the  shorter  life  regime  where  plasticity 
effects  eradicate  residual  stresses.26 


*As-macMned  surfaces  were  produced  by  single  point  machining  to  near-final 
dimensions  followed  by  mechanical  polishing  in  steps  using  250,  400  and  600 
grit  carborundum  paper  on  a  rotating  mandrel  at  45°  to  the  specimen  axis. 
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Table  II.  Heat  Treatments  for  Ti-6A1-4V  Used  in  Part  III 


Condition 

Fabrication 

Heat  Treatment 

8-Forge 

8  Forge/AC 

(8F) 

8  Finlsh/AC 

704°C(1300°F)/2  hours/AC 

Recrystallization 

a -8  Forge/AC 

927°C(1700°F)/4  hours  cool  at 

Anneal  (RA) 

a-e  Finish/AC 

50°C/hr  to  760°C(1400°F)/AC 

Solution  treat  and 

a-8  Forge/AC 

954°C(1750°F)/1  hour/WQ  + 

overage  (STOA) 

a -8  Finish/AC 

593°C(1100°F)/24  hours/AC 
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3.0  RESULTS 

3.1  Part  I.  A.  Effect  of  Sub-Transus  Solution  Temperature  on  Mechanical 

Properties  of  a/g  Ti  Alloys 

3.1.1  Ti-6A1-4V 

3. 1.1.1  Microstructure 

a.  Solution  Temperature  Effects 

The  starting  microstructure  of  Ti-6A1-4V  consisted  of  equiaxed 
primary  alpha  grains  -*12  ym  in  diameter  dispersed  in  a  beta  phase  matrix. 
Solution  treatments  were  carried  out  at  700°C  to  975°C  in  50°C  intervals  (the 
B  transus  of  this  heat  of  6-4  was  ~980°C);  the  samples  were  held  at  solution 
temperature  for  one  hour  and  water  quenched  to  room  temperature  to  preserve 
the  volume  fractions  and  compositions  of  the  alpha  and  beta  phase  which 
existed  at  temperature.  When  quenched  from  850°C  and  above,  the  beta  phase 
generally  transformed  martensitical ly  to  a'.  However,  it  was  noted  that, 
where  the  beta  phase  was  very  narrow  between  two  alpha  grains,  it  did  not 
transform  to  martensite.  This  phenomenon  is  discussed  in  more  detail  in 
Sections  3.1b  and  4.1.4. 

The  results  of  composition  and  volume  fraction  measurements  are 
presented  in  the  form  of  pseudo-binary  phase  diagrams.  Figs.  2  and  3.  The 
phase  boundaries  are  defined  by  the  composition  measurements  with  the  error 
bars  representing  95%  confidence  intervals  for  the  multiple  readings  compris¬ 
ing  each  data  point.  The  alloy  composition  lines  in  Figs.  2  and  3  are  posi¬ 
tioned  experimentally  from  the  volume  fraction  measurements  using  the  lever 
rule.  As  such,  the  alloy  composition  lines  act  as  independent  checks  on  the 
accuracy  of  the  composition  measurements,  and  the  fact  that  they  fall  at  6%  A1 
and  4%  V  (the  composition  of  the  alloy)  attests  to  the  validity  of  the  phase 
boundary  positions. 
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The  compositions  of  the  beta  phase  in  samples  quenched  from  850°C  and 
above  was  assumed  to  be  identical  to  the  composition  of  the  martensite 
observed  at  room  temperature.  The  consistency  of  the  results  shown  in  Fins.  2 
and  3  bears  out  this  assumption. 

b.  Cooling  Rate  Effects.  Ti-6A1-4V 

Ti-6A1-4V  was  solution  treated  at  700,  800,  900,  and  975°C  for 
1  hour  and  cooled  at  5000°C/hr,  300°C/hr,  and  50°C/hr  to  compare  volume  frac¬ 
tion  and  compositions  of  alpha  and  beta  phases  to  those  observed  in  the 
quenched  material.  The  objective  here  was  to  ascertain  if  constant  volume 
fractions  of  a  and  6  phases  could  be  produced  with  varying  compositions  or 
vice  versa.  The  results  are  presented  in  Figs.  4-7  where  compositions  are 
plotted  against  volume  fraction  primary  alpha.  The  slower  cooled  material  has 
volume  fractions  of  primary  alpha  phase  ranging  between  0.85  and  0.90  with 
composition  variations  ranging  from  small  In  the  case  of  vanadium  in  alpha 
phase  (Fig.  5)  to  large  in  the  case  of  vanadium  in  beta  phase  (Fig.  7). 

For  the  slow-cooled  material,  there  was  a  concentration  gradient  in 
the  beta  phase.  That  is,  vanadium  concentration  was  highest  and  aluminum  con¬ 
centration  lowest  in  beta  phase  near  the  a/6  interface.  Fig.  8.  The  absolute 
values  of  A1  and  V  concentration  appear  to  be  relatively  constant  as  a  func¬ 
tion  of  distance  for  a  particular  heat  treatment,  so  that  narrower  strips  of 
beta  phase  have  a  higher  average  vanadium  content  than  the  broader  patches.  A 
comparison  of  vanadium  concentration  in  beta  phase  as  a  function  of  distance 
from  the  a/e  interface  for  three  different  cooling  rates  from  900°C  solution 
temperature  is  presented  in  Table  III.  The  vanadium  concentration  reaches  a 
minimum  value  at  a  distance  of  between  300  and  600  nm  from  the  nearest 
Interface. 

Aluminum  concentration  in  beta  phase  shows  a  distribution  inverse  to 
that  for  vanadium.  That  is,  A1  values  of  about  1.5  wt  pet  are  observed  near 
the  a  Interface,  Increasing  to  approximately  2.5  wt  pet  in  the  center  of  the 
broad  beta  patch. 
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Table  III.  Composition  Gradients  In  Beta  Phase  of 

H-6A1-4V  Solution  Treated  at  900°C  for  1  Hour 


Cooling  Rate  Wt  Pet  Vanadium  in  Beta  Phase  Vol 

From  Solution  Distance  from  a  Interface,  nm  Fraction 


Temperature 

100 

200 

300 

600 

B 

5000°C/hr 

22.1 

21.6 

20.7 

17.7 

0.10 

300°C/hr 

21.4 

19.2 

18.8 

- 

0.15 

50°C/hr 

25.0 

22.0 

20.0 

18.5 

0.11 

Because  the  majority  of  the  beta  phase  existed  as  narrow  strips  in 
the  slow-cooled  samples,  the  values  of  A1  and  V  reported  in  Figs.  4-7  are 
taken  from  those  regions.  No  attempt  was  made  to  calculate  a  weighted  average 
to  include  the  concentrations  from  the  broader  beta  patches. 

3. 1.1. 2  Fracture  Toughness 

Previous  ONR  research  demonstrated  that  Ti-6A1-4V  rolled  plate  may 
contain  a  banded  microstructure  that  significantly  affects  fracture  tough- 
ness.  That  is,  when  the  banded  structure  is  normal  to  the  propagating  crack 
direction,  toughness  is  considerably  greater  than  when  the  crack  progresses 
parallel  to  the  banding.  The  material  used  in  this  study  exhibited  a  slight 
degree  of  banding,  and  only  specimens  having  crack  direction  normal  to  the 
banding  have  been  Included  in  the  correlations  of  toughness  and  micro¬ 
structure. 

Test  specimens  were  subjected  to  three  different  cooling  rates 
following  solution  treatment  at  various  sub-transus  temperatures,  thus 
providing  a  variety  of  volume  fractions  and  compositions  of  alpha  and  beta 
phases  for  correlation  with  toughness.  The  cooling  rates  were  water  quench 
('3  x  104oC/hr),  air  cool  ('3  x  10^°C/hr),  and  furnace  cool  (3  x  102oC/hr). 

Toughness  values  for  the  water  quenched  conditions  are  given  in 
Fig.  9.  The  M$  temperature  for  6-4  depends  on  the  beta  phase  composition. 
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and,  therefore,  on  the  sub-transus  solution  temperature.  For  the  specimen 
sizes  used  in  this  study,  it  was  observed  that  beta  phase  transformed 
martensitically  only  during  water  quenching  from  solution  temperatures 
>850°C.  Microstructures  of  test  specimens  shown  in  Fig.  9,  then,  include 
martensite  in  the  three  samples  having  the  lowest  toughness.  The  presence  of 
a  martensitic  structure  was  not  included,  per  se,  in  the  quantitative  analysis 
of  the  microstructure.  The  parameters  considered  were  volume  fraction  of 
primary  alpha,  and  A1  and  V  concentrations  of  the  a  and  e  phases.  However,  in 
the  case  of  a  martensitic  matrix,  the  "beta  phase"  composition  used  in  the 
analysis  is  actually  the  martensite  composition. 

Volume  fraction  measurements  and  phase  composition  determinations 
were  made  on  specimens  cut  from  broken  Charpy  bars  of  the  slow  cooled  condi¬ 
tions,  whereas  microstructure  parameters  for  water  quenched  specimens  were 
taken  from  the  phase  diagrams  (Figs.  2  and  3). 

Linear  regression  analyses  were  performed  on  the  data  from  twelve 
tests.  The  best  fit  of  the  data  was 

Kq  =  457  -  15.8(Ala)  -  19.8(A1b)  -  3.3(VR)  +  23.7(Va)  -  122(vfap) 


(1) 

where  Ala  and  Al&  are  aluminum  concentrations  (by  at.  pet.)  in  alpha  and  beta 
phases,  Va  and  Vg  are  vanadium  concentrations  (by  at.  pet.)  in  alpha  and  beta 
phases,  and  vfap  Is  volume  fraction  of  primary  alpha.  Units  of  toughness  are 
MPa  /m.  A  graphic  demonstration  of  how  well  this  expression  predicts  tough¬ 
ness  in  a-8  processed  T i -6A1 -4V  is  shown  in  Fig.  10,  where  observed  values  are 
plotted  against  calculated  values  using  Eq.  (1).  The  straight  line  is  a  1-1 
correlation  and  it  can  be  seen  that  the  expression  reliably  predicts  toughness 
based  solely  on  phase  compositions  and  volume  fraction  of  primary  alpha. 
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3. 1. 1. 3  Fatigue  Crack  Propagation 

Compact  tension  specimens  were  solution  treated  at  700,  800,  and 
900°C  and  water  quenched  prior  to  fatigue  crack  propagation  rate  testing.  In 
order  to  demonstrate  the  effect  of  solution  temperature  on  da/dN  (fatigue 
crack  growth  rate),  growth  rates  at  four  stress  intensity  levels  have  been 
selected  from  growth  rate  curves  and  plotted  as  a  function  of  solution  temper¬ 
ature,  Fig.  11.  The  plot  clearly  shows  that  fatigue  crack  growth  resistance 
increases  significantly  with  increasing  solution  temperature. 

Regression  analyses  were  performed  on  the  data  shown  in  Fig.  11  with 
volume  fraction  and  phase  compositions  taken  from  the  phase  diagrams  (Figs.  2 
and  3).  The  best  fit  of  the  data  was  found  to  be 

in  da/dN  =  28  -  2.8(A1  )  -  3.4(A1.)  +  8.  9(V  J  -  1. 5(V_ )  +  7(vf  J  +  0.2  (AK) 

Cl  pup  Oip 

(2) 

where  Ala,  Alg,  and  Va  are  aluminum  concentrations  (by  at  pet)  in  alpha  and 
beta  phase  and  vanadium  concentration  in  beta  phase,  vfap  is  volume  fraction 

of  primary  alpha,  and  AK  is  stress  intensity  level.  Units  of  da/dN  are 

mm/ cycle  and  those  of  stress  intensity  are  MPa  /m. 

As  an  assessment  of  the  ability  of  Eq.  (2)  to  predict  da/dN,  measured 
values  are  plotted  against  calculated  values  in  Fig.  12.  The  straight  line  is 
a  one-to-one  correlation  and  it  can  be  seen  that  Eq.  (2)  predicts  da/dN  over  a 
wide  growth  rate  range  based  solely  on  volume  fraction  of  primary  alpha,  phase 
compositions,  and  stress  Intensity  level.  The  expression  is  remarkably  accu¬ 
rate  In  predicting  da/dN,  especially  considering  that  the  fracture  mode 
changes  from  cyclic  cleavage  at  low  growth  rates  to  strlation  formation  at 
higher  growth  rates. 
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3.1.2  Ti-4.5Al-5Mo-l.5Cr  (CORONA  5) 

3. 1.2.1  Microstructure 

The  starting  microstructure  of  CORONA  5  consisted  of  equiaxed  primary 
alpha  grains  '3  um  in  diameter  dispersed  in  a  beta  phase  matrix.  Solution 
treatments  were  carried  out  at  625  to  925°C  in  50°C  intervals  (b  transus  was 
~935°C),  held  for  1  to  4  hours  depending  on  temperature,  and  water  quenched  to 
retain  volume  fractions  and  compositions  of  alpha  and  beta  phases  that  existed 
at  solution  temperature.  The  beta  phase  transforms  martensitically  to  a'  when 
quenched  from  875°C  and  above,  but  is  retained  when  quenched  from  lower  solu¬ 
tion  temperatures.  In  order  to  avoid  precipitation  of  secondary  alpha  at  the 
lower  solution  temperatures,  specimens  were  slow  cooled  from  high  in  the  a+B 
phase  field  to  room  temperature  prior  to  re-heating  to  the  solution  tempera¬ 
ture.  Slow  cooling  resulted  in  high  volume  fraction  of  primary  alpha  which 
was  then  reduced  to  equilibrium  values  during  solution  treatment. 

The  results  of  composition  and  volume  fraction  measurements  are 
presented  in  the  form  of  pseudo-binary  phase  diagrams.  Figs.  13,  14,  and  15. 
Construction  of  the  diagrams  was  accomplished  in  the  same  manner  as  described 
for  Ti-6A1-4V  (see  Section  3.1.1.1a). 

3. 1.2. 2  Fracture  Toughness 

Notched  Charpy  bars  were  water  quenched  following  solution  treatment 
at  several  sub-transus  temperatures.  Toughness  values  are  shown  in  Fig.  16. 
The  behavior  is  similar  to  that  observed  for  Ti-6A1-4V,  with  room  temperature 
fracture  toughness  decreasing  as  prior  solution  temperature  increased. 

Volume  fraction  of  primary  alpha  phase  and  compositions  of  alpha  and 
beta  phases  were  the  parameters  included  in  regression  analyses  for  correlat¬ 
ing  microstructure  with  fracture  toughness.  The  values  for  the  microstruc- 
tural  parameters  were  measured  on  samples  extracted  from  broken  Charpy  bars. 
The  regression  analysis  selected  as  the  best  fit  of  the  data  was 
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Kq  -  44  -  40(A1a)  +  82(A16)  -365(Moa)  +  242(Moe)  +  364(Cra)  -399(Crg)  -  33(vfap) 

(3) 


where  Ala,  Al^,  Mo^,  and  Crg  are  aluminum  content  of  alpha  phase,  aluminum, 
molybdenum  and  chromium  contents  of  beta  phase,  and  vfap  is  volume  fraction  of 
primary  alpha.  The  alpha  and  beta  phase  compositions  are  in  atomic  percent 
and  toughness  units  are  MPa  /in.  Figure  17  demonstrates  the  ability  of  Eq.  (3) 
to  predict  fracture  toughness  in  CORONA  5,  where  measured  values  are  plotted 
against  calculated  values,  with  the  straight  line  being  a  one-to-one 
correlation. 

3.1.3  Combined  Ti-6A1-4V  and  CORONA  5  Fracture  Toughness 

Regression  analyses  were  made  using  both  6-4  and  CORONA  5  data  to 
explore  the  possibility  of  a  more  universal  expression.  The  analysis  resulted 
in  the  following: 

Kq  =  110  -  0.7(Ala)  -  7.7{Ale)  +  237(Cra)  -315(Cr6)-57(Moa)  +  182(Mo3)  +  34  (Vj 

+  0.88(V3)  -85(vfop)  (4) 

where  parameters  are  as  described  in  Sections  3. 1.1. 2  and  3. 1.2. 2.  A  plot  of 
measured  values  against  calculated  values.  Fig.  18,  reveals  that  Eq.  (4)  pre¬ 
dicts  fracture  toughness  reasonably  well  for  the  two  alpha-beta  alloys. 

3.2  Part  I.  8.  Effect  of  Sub-Transus  Solution  Temperature  and  Aging 
Temperature  on  Mechanical  Properties  of  g/6  Ti  Alloys 

3.2.1  Ti-6A1-4V 

3. 2. 1.1  Microstructure 

In  order  to  assess  the  influence  of  microstructure  on  toughness, 
da/dN,  and  tensile  properties  In  solution  treated  and  aged  (STA)  6-4,  three 
solution  temperatures  and  three  aging  temperatures  were  selected.  The 


13 

C/3871A/cb 


Rockwell  International 

Science  Center 


SC5227.1FR 


-  % 

standard  STA  for  6-4  is  one  hour  at  954°C  (1750°F),  water  quench  followed  by 
<*  6  hours  at  538°C  (1000°F)  and  air  cool.  The  several  microstructural  param¬ 

eters  that  can  be  varied  in  STA  treatments  are  volume  fractions  and  composi¬ 
tions  of  primary  alpha,  secondary  alpha,  and  beta  phases,  and  size  and 
morphology  of  secondary  alpha.  These  parameters  were  measured  in  tl.e  standard 
STA  condition  and  used  as  target  parameters  to  be  achieved  with  varied  aging 
temperatures.  To  this  end,  6-4  was  solution  treated  at  954°C  and  aged  for 
various  times  at  438°C  (820°F)  and  at  635°F  (1175°F).  It  was  found  that 
48  hours  at  438°C  and  1  hour  at  635°C  produced  microstructures  similar  to  that 
in  the  standard  STA  material.  Typical  microstructures  are  shown  in  Figs.  19-21. 
Also  examined  were  two  lower  solution  temperatures  -  871 °C  (1600°F)  and  788°C 
(1450°F)  -  followed  by  the  standard  age  at  538°C.  Lowering  the  solution 
temperature,  of  course,  increased  the  volume  fraction  of  primary  alpha  phase 
and  the  resulting  secondary  alpha  was  also  significantly  altered.  The  various 
parameters  are  summarized  in  Table  IV. 


Table  IV.  Microstructural  Features  in  Ti-6A1-4V 
Quantified  for  This  Study* 


Solution 

Treatment 

Age 

Treatment 

Volume 
Pet  ap1 

Volume 
Pet  a$Z 

Volume 
Pet  e3 

a$  Particle  Size2 
Length,  pm  Width,  pm 

954°C/1 

hr 

538°C/6  hrs 

10 

86 

4 

8.0 

0.4 

954°C/1 

hr 

438°C/48  hrs 

10 

81 

9 

5.6 

0.3 

954°C/1 

hr 

635°C/1  hr 

9 

83 

8 

8.0 

0.5 

871°C/1 

hr 

538°C/6  hrs 

53 

45 

2 

0.8 

0.08 

'■‘■J 

00 

00 

0 

o 

hr 

538°C/6  hrs 

60 

37 

3 

0.8 

0.07 

*  Values 

shown 

in  Table  are 

averages 

of  individual  test 

specimens. 

*  ap  =  primary  alpha  phase 
^  =  secondary  alpha  phase 

3  e  =  beta  phase 
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3. 2. 1.2  Regression  Analysis  Technique 

The  microstructural  variables  that  have  been  quantified  for  regres¬ 
sion  analysis  are  compositions  and  volume  fractions  of  primary  alpha,  secon¬ 
dary  alpha,  and  beta  phases,  and  si2e  of  secondary  alpha  particles.  The  rela¬ 
tive  contribution  of  each  of  the  parameters  to  toughness  was  evaluated  by 
regression  analyses  wherein  nine  trials  were  run,  each  with  only  one  parameter 

OQ 

eliminated  from  the  analysis.  The  resulting  correlation  coefficients  pro¬ 
vided  a  quantified  ranking  of  the  contribution  of  each  parameter. 

It  was  anticipated  that  there  would  be  synergistic  effects  among  the 
several  microstructural  parameters,  so  that  a  single  elimination  test  as  just 
described,  although  a  good  first  approximation,  could  be  modified  by  con¬ 
sidering  parameters  pairwise  or  in  triplets.  Therefore,  numerous  linear 
regression  trials  were  made  with  systematic  combinations  of  parameters.  The 
objective  was  two-fold:  1)  to  establish  a  mathematical  expression  for  each 
property  based  on  only  the  significant  parameters  and  2)  to  determine  a  con¬ 
sistent  direction  (positive  or  negative)  in  which  each  parameter  influences  a 
particular  mechanical  property.  The  former  is  to  demonstrate  that  alloys  and 
heat  treatments  could  be  designed  to  improve  properties  based  on  particular 
microstructural  features,  whereas  the  latter  provides  a  more  general,  though 
not  quantitative,  aspect  of  the  influence  of  various  microstructural  param¬ 
eters  on  properties. 

Evaluation  of  the  consistency  of  direction  (positive  or  negative)  in 
which  the  parameters  influence  each  property  was  made  by  tabulating  the  sign 
of  the  coefficient  of  each  parameter  in  numerous  regression  trials.  When  the 
sign  of  the  coefficient  of  any  parameter  is  unchanged  in  a  large  number  of 
regression  trials,  i.e.,  the  consistency  of  the  sign  is  100%,  that  parameter 
is  considered  to  be  significant  in  the  correlation  of  microstructure  with 
mechanical  property.  The  reasons  for  a  change  in  sign  of  the  coefficient  of  a 
particular  parameter  could  be  synergistic  effects  or  mathematical  manipulation 
during  regression  analysis  to  obtain  a  "best  fit."  The  latter  is  most  likely 
the  situation  for  those  parameters  having  a  consistently  signed  coefficient  in 
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less  than  90  pet  of  the  trials,  because  no  regular  pattern  could  be  discerned 
for  synergism  among  the  various  parameters  in  those  cases. 

These  two  tests  -  single  elimination  and  consistency  of  sign  -  were 
used  to  evaluate  the  significance  of  each  microstructural  parameter  on  partic¬ 
ular  mechanical  properties.  Regression  analysis  equations  were  then  developed 
using  only  the  significant  parameters,  resulting  in  a  meaningful  mathematical 
expression  for  each  property.  The  results  will  be  presented  as  a  single  list 
of  microstructural  parameters  in  decreasing  order  of  contribution  (significance) 
to  each  mechanical  property  and  as  a  single  mathematical  expression  equating 
mechanical  property  to  quantified  microstructural  features.  Although  expres¬ 
sions  were  developed  for  numerous  combinations  of  microstructural  parameters, 
the  one  presented  will  include  only  the  significant  parameters.  As  a  result 
the  reader  will  be  able  to  evaluate  the  qualitative  and  the  quantitative 
effect  of  significant  parameters  on  properties. 

3. 2. 1.3  Fracture  Toughness 

Test  specimens  were  heat  treated  according  to  the  schedule  in 
Table  IV.  Duplicates  of  the  five  solution  treat  and  age  (STA)  conditions  were 
tested. 

The  influence  of  solution  temperature  on  toughness  for  6-4  given  an 
age  treatment  of  538°C/6  hrs/air  cool  is  seen  to  be  negligible.  Fig.  22.  This 
is  in  contrast  to  results  observed  for  solution  treated  6-4,  Fig.  9,  indicat¬ 
ing  that  different  combinations  of  microstructures  can  produce  similar 
properties. 

Evaluation  of  regression  analyses  resulted  in  a  ranking  of  the  rela¬ 
tive  contribution  of  each  microstructural  variable  to  toughness,  as  listed  in 
Table  V.  The  analyses  Indicated  that  only  the  first  four  parameters  listed  in 
the  Table  made  a  significant  impact  on  toughness.  The  vanadium  content  of 
beta-phase  and  the  average  volume  of  secondary  alpha  particles  add  to  tough¬ 
ness  In  a  positive  manner,  i.e.,  toughness  Is  increased  as  either  of  these 
parameters  is  Increased.  On  the  other  hand,  aluminum  content  of  primary  alpha 
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and  volume  fraction  of  beta  phase  lower  toughness,  l.e.,  decreasing  either  of 
these  two  parameters  reduces  toughness.  The  remaining  parameters  do  not 
significantly  affect  toughness  to  an  extent  that  can  be  reliably  quantified. 


Table  V.  Contribution  of  Each  Microstructural  Parameter  to  Fracture 

Toughness  in  STA  Ti-6A1-4V,  as  Measured  by  Regression  Analysis 


Parameter 

Significance^) 

Sign  of  Coefficient^2) 

Vanadium  content  8 

S 

+ 

Aluminum  content  primary  a 

S 

- 

Size  secondary  a  particles 

S 

+ 

Volume  fraction  8  phase 

s 

- 

Vanadium  content  primary  a 

NS 

Aluminum  content  secondary  a 

NS 

Vanadium  content  secondary  a 

NS 

Aluminum  content  8 

NS 

Volume  fraction  secondary  a 

NS 

(1)  S  =  significant  contribution  to  toughness 

NS  =  not  significant  contribution  to  toughness 

(2)  +  =  positive  contribution  to  toughness 
-  *  negative  contribution  to  toughness 

Regression  analysis  including  the  four  significant  variables  resulted 
in  the  following  expression: 

Kq  =  127  -  12.9(Alap)  +  3.2(V0)  -  l.l(vfp)  +  24.9(a$)  (5) 

where  Alap  is  aluminum  concentration  (at.  pet.)  in  primary  alpha,  V0  is 
vanadium  concentration  (at.  pet.)  in  beta,  vf^  is  volume  percent  of  beta 
phase,  and  a$  is  average  volume  of  secondary  alpha  particles  (cubic 
micrometers).  Units  of  toughness  are  MPa  /m.  The  accuracy  of  Eq.  (5)  in 
predicting  toughness  is  shown  in  Fig.  23,  where  measured  toughness  values  are 
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plotted  against  calculated  values  using  Eq.  (5).  The  straight  line  is  a  one- 
to-one  correlation. 

3. 2. 1.4  Fatigue  Crack  Propagation 

Compact  tension  specimens  were  given  heat  treatments  #3,  4,  and  5  as 
listed  in  Table  IV.  In  this  way,  a  variation  in  microstructure  was  developed 
to  provide  a  broad  base  for  regression  analyses. 

The  influence  of  prior  solution  temperature  on  fatigue  crack  propa¬ 
gation  rate  for  6-4  given  an  age  treatment  of  538°C/6  hours/air  cool  is  seen 
to  be  negligible.  Fig.  24.  This  is  in  contrast  to  results  observed  for  solu¬ 
tion  treated  6-4,  Fig.  11,  indicating  that  different  combinations  of  micro¬ 
structures  can  produce  similar  properties.  This  effect  was  also  observed  for 
fracture  toughness  (see  prior  section). 

The  relative  contributions  of  microstructural  variables  are  presented 
in  Table  VI,  as  measured  by  regression  analyses.  Six  of  the  nine  parameters 
were  evaluated  as  significantly  influencing  da/dN.  In  this  case,  a  positive 
contribution  actually  increases  crack  growth  rate,  hence  a  negative  sign  of 
the  regression  coefficient  indicates  an  improvement  in  crack  growth  resistance. 

Regression  analysis  using  the  six  significant  variables  resulted  in 
the  following: 

tn  da/dN  =  -82  -  o.8(vf0)  +  17.7(as)  -  1.5(Alap)  +  0.4(Vap)  +  6.6(Ala$) 
+6.4(VaS)  +  0.2(aK)  (6) 
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Table  VI.  Contribution  of  Each  Microstructural  Parameter  to  Fatigue  Crack 

Propagation  Rate  in  STA  Ti-6A1-4V,  as  Measured  by  Regression  Analysis 


Parameter 

Significance^ ) 

Sign  of  Coefficient^) 

Vanadium  content  secondary  a 

S 

4 

Aluminum  content  secondary  a 

S 

4 

Volume  fraction  3  phase 

S 

- 

Size  secondary  a  particles 

S 

4 

Vanadium  content  primary  a 

S 

4 

Aluminum  content  primary  a 

S 

4 

Aluminum  content  3 

NS 

Volume  fraction  secondary  a 

NS 

Vanadium  content  6  phase 

NS 

(1)  S  =  significant  contribution  to  da/dN 

NS  -  not  significant  contribution  to  da/dN 

(2)  +  *  positive  contribution  to  da/dN 

-  =  negative  contribution  to  da/dN 

where  vfg  is  volume  fraction  of  beta  phase,  os  is  average  volume  of  secondary 
alpha  particles  (in  cubic  micrometers) ,  Alap  and  AlaS  are  aluminum  concentra¬ 
tions  (at.  pet.)  in  primary  alpha  and  secondary  alpha,  respectively,  Vap  and 
VaS  are  vanadium  concentration  (at.  pet.)  in  primary  and  secondary  alpha, 
respectively,  and  aK  Is  stress  intensity  in  MPa  /m.  The  accuracy  with  which 
Eq.  (6)  predicts  da/dN  in  STA  T1-6A1-4V  is  illustrated  in  Fig.  25,  where 
measured  da/dn  is  plotted  against  calculated  da/dn  using  Eq.  (6).  the 
straight  line  is  a  one-to-one  correlation. 

3. 2. 1.  5  Tensile  Tests 

Test  specimens  were  heat  treated  following  the  schedule  in  Table  IV. 
Duplicate  specimens  of  the  five  STA  conditions  were  tested  at  room  temperature 
to  provide  a  broad  base  for  correlation  of  properties  and  microstructure. 
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The  Influence  of  prior  solution  temperature  on  room  temperature 
tensile  properties  of  6-4  aged  at  538°C  is  illustrated  in  Fig.  26.  It  can  be 
seen  that  ultimate  and  yield  strengths  increase  and  elongation  decreases  with 
increasing  solution  temperature.  None  of  the  quantified  microstructural 
features  Individually  correlates  with  the  observed  tensile  behavior,  indicat¬ 
ing  that  an  Interaction  of  parameters  contributes  to  the  behavior  of  the 
alloy. 

Regression  analysis  evaluations  were  made  for  the  three  tensile 
properties,  the  results  of  which  are  presented  in  Tables  VII,  VIII,  and  IX. 

The  analyses  indicate  there  are  six  significant  microstructural  parameters 
contributing  to  yield  strength  and  to  ultimate  strength.  In  the  case  of 
tensile  elongation,  five  microstructural  variables  have  been  assessed  as 
significant.  Regression  analyses  for  each  of  the  tensile  properties  yield  the 
fol 1  owl ng  : 

Y.S.  =  -2344  -  49(vf0)  +  1296(vfas)  -972{as)  +  165  (Ala$)  +  186(Vas)  +  54(Vg) 

(7) 

U.T.S.  =  -662  +  765(vfas)  -  800(a$)  +  87(Alap)  -  6.9(VQp)  +  54(Va$)  +  10(Vg) 

(8) 

e  =  -57-1. 0( vf g)  -  33(vfoS)  +  5.6{Alap)  -  13. 1  (V^)  +  4.7(Ala$)  (9) 

where  vf0  is  volume  percent  B  phase,  vfaS  is  volume  fraction  secondary  a,  as 
is  average  volume  of  secondary  a  particles  (in  cubic  micrometers) ,  Alop  and 
Ala$  are  aluminum  concentrations  (at.  pet.)  In  primary  a  and  secondary  o, 
respectively,  and  Vap,  VaS,  Ve  are  vanadium  concentrations  (at.  pet.)  in 
primary  a,  secondary  a,  and  6  phases,  respectively.  Units  of  stress  are  MPa; 
e  is  In  percent.  The  accuracy  with  which  each  equation  predicts  Its  respec¬ 
tive  property  Is  Illustrated  in  Figs.  27-29,  where  measured  values  are  plotted 
against  calculated  values.  The  straight  lines  in  the  figures  are  one-to-one 
correlations. 


20 

C/3871A/cb 


Rockwell  International 

Science  Center 


SC5227.1FR 


Table  VII.  Contribution  of  Each  Microstructural  Parameter 
to  Tensile  Yield  Strength  in  STA  Ti-6A1-4V,  as 
Measured  by  Regression  Analysis. 


Parameter 

Significance^) 

Sign  of  Coefficient^2) 

Volume  fraction  secondary  a 

S 

+ 

Vanadium  content  secondary  a 

S 

+ 

Vanadium  content  3  phase 

S 

+ 

Volume  fraction  &  phase 

S 

- 

Size  secondary  a  particles 

S 

- 

Aluminum  content  secondary  a 

S 

+ 

Aluminum  content  0  phase 

NS 

Vanadium  content  primary  a 

NS 

Aluminum  content  primary  a 

NS 

(1)  S  =  significant  contribution  to  yield  strength 

NS  =  not  significant  contribution  to  yield  strength 

(2)  +  =  positive  contribution  to  yield  strength 
-  =  negative  contribution  to  yield  strength 
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Table  VIII.  Contribution  of  Each  Mlcrostructural  Parameter 
to  Ultimate  Tensile  Strength  In  STA  T1-6A1-4V, 
as  Measured  by  Regression  Analysis 


Parameter 

Significance^) 

Sign  of  Coefficient^2) 

Volume  fraction  secondary  a 

S 

+ 

Vanadium  content  secondary  a 

S 

+ 

Aluminum  content  primary  a 

S 

+ 

Vanadium  content  primary  a 

S 

- 

Vanadium  content  6  phase 

S 

+ 

Size  secondary  a  particles 

S 

- 

Aluminum  content  s  phase 

NS 

Volume  fraction  b  phase 

NS 

Aluminum  content  secondary  a 

NS 

(1)  S  =  significant  contribution  to  ultimate  strength 

NS  =  not  significant  contribution  to  ultimate  strength 

(2)  +  *  positive  contribution  to  ultimate  strength 
-  =  negative  contribution  to  ultimate  strength 
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Table  IX.  Contribution  of  Each  Microstructural  Parameter 
to  Tensile  Elongation  in  STA  Ti-6A1-4V,  as 
Measured  by  Regression  Analysis. 


Parameter 

Significance^*) 

Sign  of  Coefficient^2) 

Vanadium  content  primary  a 

S 

- 

Aluminum  content  secondary  a 

S 

+ 

Aluminum  content  primary  a 

S 

+ 

Volume  fraction  secondary  a 

S 

- 

Volume  fraction  g  phase 

S 

- 

Vanadium  content  g  phase 

NS 

Vanadium  content  secondary  a 

NS 

Size  secondary  a  particles 

NS 

Aluminum  content  e  phase 

NS 

(1)  S  a  significant  contribution  to  elongation 

NS  =  not  significant  contribution  to  elongation 

(2)  +  =  positive  contribution  to  elongation 

-  =  negative  contribution  to  elongation 
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3.2.2  Ti-4.5A1-5Mo-l.5Cr  (CORONA  5) 

3. 2. 2.1  Microstructure 

Three  solution  temperatures  and  three  aging  temperatures  were 
selected  to  assess  the  influence  of  microstructure  on  toughness  and  tensile 
properties  in  STA  CORONA  5.  The  standard  treatment  for  CORONA  5  is  four  hours 
at  830°C  (1525°F),  air  cool,  followed  by  four  hours  at  593°C  (1100°F)  and  air 
cooled.  The  same  microstructural  parameters  that  were  evaluated  for  6-4  were 
varied  in  STA  CORONA  5,  namely,  volume  fractions  and  compositions  of  primary 
alpha,  secondary  alpha  and  beta  phases,  and  size  of  secondary  alpha  par¬ 
ticles.  The  parameters  were  determined  for  the  standard  STA  condition  and 
used  as  goal  values  for  other  treatments.  As  a  result,  Ti-4.5Al-5Mo-l.5Cr  was 
solution  treated  at  830°C  and  aged  for  various  times  at  510°C  (950°F)  and  at 
677°C  (1250°F).  Twenty-four  hours  at  510°C  and  twenty  minutes  at  677°C  were 
treatments  that  produced  microstructures  similar  to  that  in  standard  STA  mate¬ 
rial.  Typical  microstructures  are  shown  in  Figs.  30-32.  Two  additional  solu¬ 
tion  temperatures  -  749°C  (1380°F)  and  885°C  (1525°F)  -  were  selected  for 
material  to  be  given  standard  age  treatment  of  4  hours  at  593°C.  The  result¬ 
ing  (non-compositional )  parameters  are  summarized  in  Table  X. 

3. 2. 2. 2  Fracture  Toughness 

Test  specimens  were  heat  treated  according  to  Table  X.  Duplicates 
of  conditions  1,  2,  4,  and  5  were  tested,  along  with  a  single  sample  of 
condition  3. 

The  Influence  of  solution  temperature  on  toughness  for  Ti-4.5Al-5.0Mo-l.5Cr 
given  an  age  treatment  of  593°C/4  hrs/AC  is  shown  in  Fig.  33.  The  behavior  is 
similar  to  that  observed  for  the  as-solution-treated  condition.  Fig.  16. 

There  has  been,  however,  a  reduction  In  toughness  after  aging  at  593°C,  which 
Is  apparently  the  result  of  the  change  in  volume  fractions  of  alpha  and  beta 
phases.  This  effect  is  addressed  in  the  Discussion  (Section  4.2.1). 
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Table  X.  Microstructural  Features  in  Ti-4.5Al-5Mo-l.5Cr 
Quantified  for  This  Study* 


Solution 

T  reatment 

Age 

Treatment 

Volume. 
Pet  ap1 

Volume. 
Pet  as2 

Volume 
Pet  8  3 

O 

a$  Particle  Size 
Length, pm  Width,  pm 

830°C/4  hrs 

593°C/4  hrs 

51 

27 

22 

1.0 

0.07 

830°C/4  hrs 

510°C/24  hrs 

51 

30 

19 

1.0 

0.04 

830°C/4  hrs 

677°C/20  min 

46 

30 

24 

1.4 

0.10 

749°C/6  hrs 

593°C/4  hrs 

58 

17 

25 

0.6 

0.08 

885°C/4  hrs 

593°C/4  hrs 

18 

60 

22 

1.9 

0.08 

*  Values  shown 

in  Table  are 

averages 

of  individual  test 

specimens. 

*  ap  =  primary  alpha  phase 

2  Oj  =  secondary  alpha  phase 

3  6  =  beta  phase 

The  microstructural  variables  that  have  been  quantified  for  regres¬ 
sion  analysis  are  the  same  as  those  for  6-4,  and  the  regression  analysis  for 
STA  CORONA  5  is  similar  to  that  described  in  Section  3.2. 1.2.  The  number  of 
variables  for  CORONA  5  is  twelve  (compared  to  only  nine  for  6-4),  while  the 
number  of  test  specimens  was  nine.  Consequently,  single  elimination  regres¬ 
sion  analyses  (see  Section  3. 2. 1.2)  could  not  be  run,  rather  quintuple  elim¬ 
ination  trials  were  used  to  develop  a  ranking  of  the  parameters. 

The  relative  contribution  to  toughness  of  each  variable  is  listed  in 
Table  XI.  The  analyses  indicated  that  only  seven  parameters  significantly 
impacted  toughness,  with  a  positive  coefficient  corresponding  to  an  increase 
in  toughness. 

The  following  expression  resulted  from  regression  that  included  only 
the  seven  significant  variables: 
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Table  XI.  Contribution  of  Each  Microstructural  Parameter  to 
Fracture  Toughness  in  STA  Ti-4.5Al-5Ho-l.5Cr,  as 
Measured  by  Regression  Analysis 


Parameter 

Significance^) 

Sign  of  Coefficient^2) 

Volume  fraction  e  phase 

S 

+ 

Aluminum  content  g  phase 

S 

- 

Chromium  content  primary  a 

S 

+ 

Chromium  content  g  phase 

S 

+ 

Size  secondary  a  particles 

S 

- 

Aluminum  content  primary  a 

S 

- 

Volume  fraction  secondary  a 

NS 

Molybdenum  content  g  phase 

NS 

Chromium  content  secondary  a 

NS 

Molybdenum  content  primary  a 

NS 

Molybdenum  content  secondary 

a  NS 

(1)  S  =  significant  contribution  to  toughness 

NS  =  not  significant  contribution  to  toughness 

(2)  +  =  positive  contribution  to  toughness 
-  =  negative  contribution  to  toughness 

Kp  =  -154  -  0.5(Alap)  +  13(A1qS)  -  20<Alp)  +  308(Crap)  +  0.4(Cre)  +  615(vfg) 

-2553(a$)  (10) 

where  Alap,  Alo$,  Alg  are  aluminum  concentrations  (at. pet.)  in  primary  alpha, 
secondary  alpha,  and  beta  phases,  respecti vely,  CrQp  and  Crg  are  chromium 
concentrations  (at. pet)  in  primary  alpha  and  beta  phases,  vfg  is  volume 
fraction  of  beta  phase,  a$  is  average  volume  of  secondary  alpha  particles 
(cubic  micrometers),  and  Kq  is  In  units  of  MPa  /m.  The  accuracy  of  Eq.  (10) 
in  predicting  toughness  is  shown  in  Fig.  34  where  measured  toughness  is 
plotted  against  calculated  values. 
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3. 2. 2. 3  Tensile  Tests 

Tensile  specimens  were  heat  treated  according  to  Table  X.  Duplicates 
of  conditions  1,  3,  4,  and  5  and  a  single  sample  of  condition  2  were  tested. 

The  influence  of  prior  solution  temperature  on  room  temperature 
tensile  properties  of  Ti-4.5Al-5Mo-l.5Cr  given  an  age  treatment  of 
583°C/4  hrs/AC  is  shown  in  Fig.  35.  The  behavior  is  similar  to  that  observed 
for  6-4,  Fig.  26,  where  strength  levels  increase  and  ductility  decreases  with 
increasing  solution  temperature. 

Regression  analysis  trials  were  performed  in  a  manner  similar  to  that 
described  for  fracture  toughness.  Section  3. 2. 2. 2,  for  the  three  tensile  prop¬ 
erties.  The  relative  contribution  of  each  parameter  to  tensile  properties  are 
listed  in  Tables  XII,  XIII  and  XIV.  The  analysis  indicated  that  seven  vari¬ 
ables  significantly'  affected  each  of  the  three  tensile  properties;  the  seven 
parameters  were  identical  for  yield  and  ultimate  strengths,  but  a  different 
set  of  seven  was  found  to  influence  elongation.  Regression  analysis  on  each 
of  the  properties  yields  the  following: 

Y.S.  =  1055  -  61(vf0)  +  807(vfa$)  +  121(M0Qp)  -  61(Crap)  +  229(Moa$) 

-  379 (Cr  )  -  23(Mo  )  (11) 

as  p 

U.T.S.  =  1611  -  385 (vf  )  +  39(vf  J  +  137(Mo  J  -  1089(Cr  )  +  283(Mo  ) 

p  as  ap  ap  as 

-  399{Cra$)  -  41(Moe)  (12) 

e  -  7.4  -  17.8(vfaS)  +  53(a$)  +  1.7  (MOQp)  +  l.l(AloS)  -  1.8(MooS) 

+  1.2(Mo0)  -  1.6(Cr0)  (13) 
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Table  XII.  Contribution  of  Each  Microstructural  Parameter  to  Tensile 
Yield  Strength  in  STA  Ti-4.5Al-5Mo-l.5Cr,  as  Measured  by 
Regression  Analysis 


Parameter 

Significance^1) 

Sign  of  Coefficient^2) 

Volume  fraction  secondary  a 

S 

+ 

Vanadium  content  secondary  a 

S 

+ 

Chromium  content  secondary  a 

S 

- 

Volume  fraction  8  phase 

S 

- 

Molybdenum  content  6  phase 

S 

- 

Molybdenum  content  primary  a 

S 

+ 

Chromium  content  primary  a 

S 

- 

Size  secondary  a  particles 

NS 

Chromium  content  e  phase 

NS 

Aluminum  content  8  phase 

NS 

Aluminum  content  primary  a 

NS 

Aluminum  content  secondary  a 

NS 

(1)  S  =  significant  contribution  to  yield  strength 

NS  =  not  significant  contribution  to  yield  strength 

(2)  +  =  positive  contribution  to  yield  strength 
-  *  negative  contribution  to  yield  strength 
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Table  XIII.  Contribution  of  Each  Microstructural  Parameter  to 

Ultimate  Tensile  Strength  in  STA  Ti-4.5Al-5Mo-l.5Cr, 
as  Measured  by  Regression  Analysis 


Parameter 

Significance^1) 

Sign  of  Coefficient^2) 

Molybdenum  content  primary  a 

s 

+ 

Chromium  content  secondary  a 

s 

- 

Molybdenum  content  secondary 

a 

s 

+ 

Chromium  content  primary  a 

s 

- 

Molybdenum  content  3  phase 

s 

- 

Volume  fraction  secondary  a 

s 

+ 

Volume  fraction  3  phase 

s 

- 

Size  secondary  a  particles 

NS 

Chromium  content  3  phase 

NS 

Aluminum  content  primary  a 

NS 

Aluminum  content  secondary  0 

NS 

Aluminum  content  3  phase 

NS 

(1)  S  =  significant  contribution  to  ultimate  tensile  strength 

NS  =  not  significant  contribution  to  ultimate  tensile  strength 

(2)  +  =  positive  contribution  to  ultimate  tensile  strength 
-  =  negative  contribution  to  ultimate  tensile  strength 
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Table  XIV.  Contribution  of  Each  Microstructural  Parameter  to 
Tensile  Elongation  in  STA  Ti-4.5Al-5Mo-l.5Cr,  as 
Measured  by  Regression  Analysis 


Parameter 

Significance^1) 

Sign  of  Coefficient^) 

Volume  fraction  secondary  a 

s 

- 

Molybdenum  content  B  phase 

s 

+ 

Molybdenum  content  secondary 

a 

S 

- 

Size  secondary  a  particles 

s 

+ 

Molybdenum  content  primary  a 

s 

+ 

Aluminum  content  secondary  a 

s 

+ 

Chromium  content  b  phase 

s 

- 

Aluminum  content  primary  a 

NS 

Aluminum  content  B  phase 

NS 

Chromium  content  secondary  a 

NS 

Volume  fraction  B  phase 

NS 

Chromium  content  primary  a 

NS 

(1)  S  =  significant  contribution  to  tensile  elongation 

NS  =  not  significant  contribution  to  tensile  elongation 

(2)  +  =  positive  contribution  to  tensile  elongation 
-  =  negative  contribution  to  tensile  elongation 
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where  vfe  is  volume  fraction  6  phase,  vfaS  is  volume  fraction  secondary  a,  a$ 
is  average  volume  of  secondary  alpha  particles  (in  cubic  micrometers),  Moap, 
MoaS,  and  Moe  are  molybdenum  concentrations  (at. pet.)  in  primary  alpha, 
secondary  alpha,  and  beta  phases,  respectively,  CrQp,  CraS,  and  Crg  are 
chromium  concentrations  (at. pet.)  in  primary  alpha,  secondary  alpha,  and  beta 
phases,  respectively,  and  AlaS  is  aluminum  concentration  (at. pet.)  in  secon¬ 
dary  alpha.  Units  of  stress  are  MPa;  e  is  in  percent.  Measured  values  are 
plotted  against  calculated  values  in  Figs.  36-38  to  illustrate  the  accuracy  of 
each  equation  in  predicting  tensile  properties. 

3.3  Part  II.  Characterization  of  Powder  Processed  Ti-6A1-4V 


3.3.1  Material 

The  powder  processed  Ti-6A1-4V  examined  in  this  study  was  obtained 
from  the  Boeing  Company  where  mechanical  properties  tests  had  been  per¬ 
formed.6  The  pre-alloyed  powder  was  hot  isostatical ly  pressed  (HIP)  at  900°C 
for  2  hours  and  103  MPa  following  consolidation  and  sintering.6  This  HIP'ed 
material  exhibited  reduced  tensile,  fracture  toughness,  and  fatigue 
properties.6 

3.3.2  Microstructure 

Microstructure  of  the  as-HIP'ed  6-4  is  shown  in  Fig.  39,  where  num¬ 
erous  voids  and  large  inclusions  can  be  seen.  Transmission  electron  micro¬ 
scopy  revealed  the  presence  of  voids,  bubbles,  and  particles  in  the  size  range 
of  less  than  1  gm.  A  typical  view  of  the  microstructure  is  illustrated  in 
Fig.  40. 

The  bubbles  and  voids,  which  are  on  the  order  of  10-100  nm,  tend  to 
occur  in  clusters  about  2  or  3  gm  across.  Voids  and  bubbles  are  distinguish¬ 
able  In  two  ways.  First,  x-ray  energy  dispersive  spectroscopy  (EDS)  reveals 
foreign  elements  (gas)  in  bubbles,  whereas  none  is  detected  in  voids.  Second, 
voids  tend  to  exhibit  planar  (crystallographic)  sides  while  bubbles  are  spher- 
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ical,  Fig.  40.  All  the  bubbles  analyzed  contained  chlorine;  other  elements 
detected  in  bubbles  were  calcium  and  sodium,  generally  only  as  trace  amounts. 

Small  particles  on  the  order  of  20-50  nm  in  diameter  exhibit  a  line 
of  no-contrast  when  imaged  in  two-beam  dynamical  contrast.  Fig.  41.  This 
behavior  indicates  the  particles  are  coherent  with  the  alpha  phase  matrix. 

The  particles  were  not  sufficiently  large  to  generate  discrete  electron  dif¬ 
fraction  patterns  nor  was  a  significant  EDS  analysis  obtained  from  the  par¬ 
ticles.  Further  identification  of  the  particles  was  not  attempted.  Occa¬ 
sional  large  particles  (^100  nm)  were  detected  in  the  powder  processed 
material  that  were  analyzed  by  EDS  as  containing  yttrium. 

In  addition  to  analyses  of  submicron  defects,  compositions  of  alpha 
and  beta  phases  were  measured  to  compare  powder  with  wrought  6-4.  The  as- 
HlP'ed  powder  alloy  was  heat  treated  at  700,  800,  and  900°C  to  observe  parti¬ 
tioning  of  A1  and  V  between  alpha  and  beta  phases.  Results  are  presented  in 
Table  XV  and  Figs.  42  and  43.  The  data  reveal  that  HIP'ing  at  900°C  for 
2  hours  does  not  develop  equilibrium  partitioning  observed  in  wrought  6-4 
solution  treated  at  900°C.  However,  solution  treating  the  powder  material  for 
1  hour  brings  alpha  and  beta  phases  close  to  equilibrium  compositions. 

3.4  Part  III;  Fatigue  Crack  Initiation  in  Ti-6A1-4V 

3.4.1  Test  Results 

Results  of  fatigue  tests  at  R  =  +0.1  are  given  in  Tables  XVI,  XVII, 
XVIII,  XIX,  XX,  and  XXI  for  Ti-6A1-4V  in  the  ST0A,  RA  and  bF  conditions, 
respectively.  These  results  are  also  plotted  on  the  maximum  stress-cycles  to 
failure  (omax-Nf)  diagrams  in  Figs.  44,  45,  and  46,  respectively.  It  should 
be  noted  in  the  tabulated  results  that  there  Is  a  substantial  variation  in  the 
surface  residual  stresses  resulting  from  the  various  surface  treatment 
techniques.  Shot  peenlng  produced  the  largest  magnitude  of  surface  residual 
compressive  stress  while  electropolishing  resulted  in  surface  residual 
stresses  essentially  near  zero.  Surprisingly,  the  as-machined  (AM)  condition, 
which  was  produced  by  a  procedure  very  near  the  ASTM  E-606  standard,  exhibited 
moderate  compressive  residual  surface  stresses. 
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Table  XVII.  Fatigue  Results  for  T1-6A1-4V,  STOA  with  3  ppm  Internal 
Hydrogen  and  Electropolished  Surface;  R  =  +0.1  (Ref.  16) 


Spec.  No. 

omax,  MPa  (ksi) 

Cycles  to  Failure,  Nf 

1 

700  (101.5) 

99,000 

8 

650  (94.25) 

141,000 
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Table  XIX.  Fatigue  Results  for  T1-6A1-4V,  RA  with  3  ppm  Internal 

Hydrogen  and  Electropolished  Surface;  R  =  +0.1  (Ref.  16) 


Spec.  No. 

°max*  MPa  (ks1) 

Cycles  to  Failure,  Nf 

1 

700  (101.5) 

27,000 

2 

650  (94.25) 

28,000 

3 

550  (79.75 

59,000 

4 

500  (65.25) 

212,000 

6 

430  (62.35) 

285,000 

7 

385  (55.83) 

5,212,000 

8 

370  (53.65) 

10,094,000* 

Did  not  fail. 
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Table  XXI.  Fatigue  Results  for  T1-6A1-4V,  @F  with  3  ppm  Internal 

Hydrogen  and  Electropol ished  Surface:  R  =  +0.1  (Ref.  16) 


Spec.  No. 

°max»  MPa  <ksi> 

Cycles  to  Failure,  Nf 

42 

600  (87) 

74,000 

43 

550  (79.75) 

140,000 

45 

525  (76.13) 

204,000 

47 

500  (72.50) 

169,000 

46 

475  (68.88) 

10,000,000* 

*  Did  not  fail 
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The  curves  in  Figs.  44-46  are  "hand-fit"  to  the  data  from  this  pro¬ 
gram  plus  the  data  from  Ref.  16.  The  general  conclusion  for  all  data  shown  in 
the  figures  is  that  there  is  no  systematic  trend  with  residual  stress. 

If,  however,  particular  attention  is  focused  on  the  tabulated  results 
for  the  shot  peened  specimens  in  Tables  XVI,  XVIII,  and  XX,  there  is  a  trend 
of  increased  fatigue  life  with  increased  internal  hydrogen  content  for  STOA 
and  BF  microstructures.  For  the  electropol ished  condition,  the  trend  for 
increased  fatigue  life  with  increased  internal  hydrogen  content  is  exhibited 
in  the  higher  strength  STOA  microstructure,  but  not  in  the  RA  or  BF 
micro structures. 

To  compare  all  results  on  a  more  equitable  basis,  attempts  were  made 
to  account  for  the  effects  of  mean  stress,  residual  stress,  and  ultimate 
strength  on  fatigue  life.  The  effect  of  mean  stresses,  aQ,  on  fatigue 
resistance  is  often  taken  in  account  by  one  of  several  relationships;26  for 
example,  the  Goodman  relationship 

“a  '  °cr  »  -  ^  <14> 

where  o  =  stress  amplitude 

acr  =  completely  reversed  stress  (R  =  -1)  for  a  given  life 
ou  =  ultimate  strength  of  material 


or  the  Gerber  relationship 

°a  '  °cr  P  '  ^ 
or  the  Morrow  relationship 


0*0  [1  -  — ■ — ] 
a  cr  L  ofJ 


where 


true  fracture  strength  of  material. 


(15) 


(16) 
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Residual  stress,  or  is  often  taken  in  account  by  algebraic  addition  (compres¬ 
sive)  or  subtraction  (tensile)  from  the  mean  stress. 

Through  the  equation 

°a  =  (af  +  ao  +  ar)(2Nf)b  (17) 

where  2Nf  =  reversals  to  failure  (double  the  number  of  cycles  to  failure) 
b  =  fatigue  strength  exponent 


stress  amplitude  may  be  related  to  life  for  the  Morrow  mean  stress  relation¬ 
ship.  Similar  equations  may  be  developed  for  stress  and  life  for  the  Gerber 

and  Goodman  relationships.  Since  all  present  stress- life  tests  were  performed 
a  .  a  +  a  . 

at  R  =  0. 1  =  and  the  mean  stress,  oQ  =  m--x  ■*— -in  ,  the  following 
°max  c 

expression  can  be  derived  from  Eq.  (17): 


Nf  s 


0.45  °mav 
mdx 

0.55  'a 


1/b 


max 


+  a. 


(18) 


1  f 

where  b  =  -  ^  log  [— ]  , 

similar  expressions  are  also  obtained  from  Eqs.  (14)  and  (15). 

Equation  (18)  and  similar  expressions  for  fatigue  life  from  Eqs.  (14) 
and  (15)  were  used  to  predict  the  failure  lives  of  several  of  the  specimens 
tested.  However,  the  predicted  lives  were  not  consistently  accurate  enough  to 
produce  meaningful  correlations. 


3. 4. 2  Fractography 

Fractographic  analysis  revealed  that  all  fractures,  except  two,  were 
initiated  at  specimen  surfaces.  The  two  specimens  with  sub-surface  crack  ini 
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tiation  were  in  the  intermediate  strength  level  RA  condition,  in  one  case  shot 
peened  and  containing  3  ppm  hydrogen  (Cl-16)  and  in  the  other  case  electro- 
polished  and  containing  100  ppm  hydrogen  (C1-F2),  Fig.  47.  There  was  no 
evidence  of  microstructural  anomalies  at  the  sub-surface  initiation  sites. 

Figure  48  illustrates  the  change  in  fracture  topography  at  the 
surface  initiation  sites  that  occurred  with  increasing  hydrogen  in  STOA 
condition.  There  is  significantly  more  cyclic  cleavage  in  the  low  hydrogen 
sample.  Fig.  48a,  than  in  the  higher  hydrogen  containing  sample.  Fig.  48b.  A 
similar  effect  is  observed  for  the  RA  condition,  as  shown  in  Fig.  49,  where 
the  3  ppm  hydrogen  sample  exhibits  extensive  cyclic  cleavage  fracture  while 
the  300  ppm  hydrogen  sample  displays  a  more  ductile  fracture  mode,  again  at 
the  surface  initiation  sites.  The  presence  of  internal  hydrogen  appears  to 
promote  a  more  ductile,  or  higher  energy  absorbing  fracture  mode  as  compared 
to  a  nominal  (3  ppm)  hydrogen  content. 
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4.0  DISCUSSION 

4.1  Effect  of  Sub-Transus  Solution  Temperature  on  Properties 

4.1.1  Fracture  Toughness 

4. 1.1.1  Ti-6A1-4V 

Attempts  to  correlate  microstructural  parameters  individually 
revealed  no  correlation  of  volume  fractions  or  phase  compositions  separately 
with  Kq.  Regression  analysis,  on  the  other  hand,  indicated  an  excellent 
correlation  of  the  combination  of  parameters,  see  Eq.  (1)  and  Fig.  10.  The 
results  show  that  volume  fraction  primary  alpha,  aluminum  content  primary 
alpha,  aluminum  content  beta,  and  vanadium  content  beta  all  reduce  Kq,  whereas 
vanadium  content  of  alpha  increases  Kq. 

A  fracture  toughness  crack  propagating  in  a/3  processed  6-4  having 

80-90%  primary  a  progresses  by  microvoid  coalescence  as  the  microvoids 

nucleate  and  grow  within  individual  primary  alpha  grains.  Failure  occurs  as 

the  microvoids  link  up,  hence  an  increase  in  volume  fraction  of  primary  alpha 

will  provide  a  more  continuous  path  for  the  linking  of  voids,  resulting  in 

lower  toughness.  Increasing  the  aluminum  content  of  primary  alpha  promotes  an 

increase  in  the  intensity  of  planar  slip  and  concomittant  increase  in  yield 

TO 

strength  and  decrease  in  ductility.  The  expected  attendant  reduction  in 
plastic  zone  size  would  account  for  the  decrease  in  Kq  due  to  aluminum 
concentrated  in  primary  a.  Similarly,  increases  in  aluminum  and  vanadium 
concentration  in  6  phase  provide  solid  solution  strengthening  which  assists  in 
constraining  the  plastic  zone  size  to  primary  alpha  grains.  It  is  not  clear 
how  small  increments  in  vanadium  concentration  in  primary  alpha  can  increase 
fracture  toughness;  the  effect  may  be  a  result  of  offsetting  the  Influence  of 
aluminum  although  there  is  no  evidence  for  that  at  this  point. 
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4. 1.1.2  Ti-4.5A1-5Mo-l.5Cr 

The  quantitative  analyses  have  shown  an  effect  similar  to  that 
observed  for  Ti-6A1-4V,  in  which  volume  fraction  primary  alpha,  aluminum  and 
molybdenum  contents  of  primary  alpha,  and  chromium  content  of  beta  phase 
reduce  toughness  while  aluminum  and  molybdenum  contents  of  beta  phase  and 
chromium  content  of  primary  alpha  Increase  toughness.  The  same  rationale  as 
that  used  for  6-4  applies  here  for  assessing  the  manner  in  which  the  micro- 
structural  parameters  Influence  toughness.  The  Interesting  situation  for 
CORONA  5  is  that  Mo  and  Cr  tend  to  act  in  opposite  directions;  i.e.,  Cr  in  e 
reduces  toughness  but  Mo  in  8  increases  toughness,  see  Eq.  (3). 

4.1. 1.3  Combination  of  Ti-6A1-4V  and  Ti-4.5Al-5Mo-l.5CR 

The  analyses  of  each  of  the  two  alloys  resulted  in  expressions  that 
very  accurately  predicted  toughness,  see  Fig.  10  and  17.  Regression  analysis 
on  the  combination  of  the  two  alloys  produced  an  expression  that  had  similar¬ 
ities  to  the  individual  analyses,  see  Eq.  (4).  However,  there  were  some  dis¬ 
crepancies,  e.g.,  vanadium  and  aluminum  contents  of  beta  phase,  and  it  is  pos¬ 
sible  that  the  combined  analysis  is  more  a  statistical  result  than  a  physical 
one.  This  is  a  point  that  only  testing  of  new  alloy  compositions  would 
resolve. 

4.1.2  Fatigue  Crack  Propagation,  Ti-6A1-4V 

The  microstructural  parameters  did  not  correlate  individually  with 
da/dN,  however  regression  of  the  combined  parameters  revealed  an  excellent 
correlation,  see  Eq.  (2)  and  Fig.  12.  Equation  (2)  shows  that  aluminum  con¬ 
centration  in  alpha  and  beta  phases  and  vanadium  content  of  beta  phase 
Increase  the  alloy's  resistance  to  fatigue  crack  propagation,  whereas  volume 
fraction  and  vanadium  content  of  primary  alpha  tend  to  decrease  crack  resis¬ 
tance.  The  fatigue  crack  propagates  through  the  microstructure  by  cyclic 
cleavage  of  primary  a  at  low  stress  Intensities  and  by  striation  formation 
through  primary  alpha  at  higher  stress  Intensities.  Because  the  crack  propa- 
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gates  more  readily  through  the  primary  alpha,  an  increase  in  volume  fraction 
will  lead  to  reduced  crack  propagation  resistance,  analogous  to  the  situation 
observed  for  fracture  toughness.  It  is  not  obvious  how  increasing  A1  in  alpha 
and  V  in  beta  leads  to  increased  crack  resistance. 

4.1.3  Summary  of  Observations 

The  quantitative  analysis  results  described  in  Eqs.  (1),  (2),  and  (3) 
are  extremely  accurate  in  predicting  toughness  and  fatigue  crack  propagation 
rate  as  evidenced  by  Figs.  10,  12  and  17.  The  equations,  of  course,  are 
limited  to  the  composition  bounds  as  measured  within  the  two  alloys,  but 
nevertheless  the  behavior  described  for  6-4  and  CORONA  5  in  Figs.  9,  11, 
and  16  has  adequately  been  accounted  for  in  terms  of  a  and  0  phase  composi¬ 
tions  and  distribution.  The  important  parameters  for  toughness  and  da/dn  are 
volume  fraction  primary  alpha,  aluminum  concentration  in  primary  alpha  and 
vanadium  content  of  beta  phase.  These  parameters,  however,  act  in  concert  to 
produce  observed  property  effects  and  cannot  be  correlated  to  properties  indi¬ 
vidually. 


4.1.4  Cooling  Rate  Effects,  Ti-6A1-4V 

The  vanadium  and  aluminum  composition  gradients  detected  in  the  beta 
phase  of  slowly  cooled  6-4  are  the  result  of  nonequilibrium  conditions.  In 
contrast,  the  rapidly  cooled  samples  did  not  exhibit  beta  phase  composition 
gradients.  The  gradient  phenomenon  can  account  for  the  frequently  observed 
effect  in  air-cooled  and  aged  6-4  in  which  central  regions  of  broad  beta  phase 
patches  transform  to  a  +  0  while  narrow  strips  and  the  periphery  of  the  larger 
patches  remain  untransformed.  In  those  cases,  a  high  vanadium  concentration 
In  the  beta  phase  inhibits  transformation,  whereas  a  lower  concentration 
cannot  prevent  the  transformation  during  the  aging  treatment.  The  resulting 
microstructure  Is  an  inhomogeneous  mixture  of  primary  alpha,  retained  beta, 
and  partially  transformed  beta.  Mechanical  properties  will  be  influenced, 
therefore,  by  the  size  distribution  of  beta  phase  after  solution  treatment. 
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4.2  Effect  of  Sub-Transus  Solution  Temperature  and  Aging  Temperature  on 

Mechanical  Properties  of  a/3  Alloys 

4.2.1  Fracture  Toughness 

4. 2. 1.1  Ti-6A1-4V 

Figure  22  reveals  that  different  combinations  of  microstructures  can 
result  in  similar  toughness  values  for  6-4.  Examination  of  the  raw  data  from 
these  samples  and  Eq.  (5)  indicates  that  it  is  primarily  the  contribution  of 
volume  fraction  beta  phase  and  size  of  secondary  alpha  particles  that  account 
for  leveling  of  toughness  in  the  three  conditions.  That  is,  the  low  toughness 
of  the  high  solution  temperature  condition  is  improved  relative  to  the  other 
two  conditions  by  the  larger  secondary  alpha  particles  present.  On  the  other 
hand,  the  intermediate  solution  temperature  condition  has  improved  toughness 
after  aging  due  to  smaller  amounts  of  beta  phase  than  is  present  in  low 
solution  temperature  condition. 

Comparison  of  Eqs.  (1)  and  (5)  shows  that,  after  aging,  some  of  the 
microstructural  parameters  appear  to  contribute  to  toughness  in  an  opposite 
manner  than  was  observed  prior  to  aging.  This  Is  likely  because  the  added 
microstructural  parameters  after  aging  result  in  more  complex  interactive 
effects.  At  any  rate,  Eq.  (5)  demonstrates  that  toughness  is  increased  by 
Increasing  vanadium  content  of  3  phase  and  by  reducing  volume  fraction  of  beta 
phase.  These  two  effects  are,  of  course,  interdependent  and,  in  conjunction 
with  size  of  secondary  alpha  particles,  point  out  the  importance  of  the 
"transformed  beta"  regions  In  toughness  of  STA  6-4.  Larger  secondary  alpha 
particles  result  in  a  more  tortuous  path  for  the  crack  as  it  passes  through 
transformed  beta  regions.  Higher  toughness  values  are  observed  when  the  crack 
follows  a  more  tortuous  path  absorbing  more  energy  per  linear  crack  exten¬ 
sion.'**  Increasing  aluminum  content  of  primary  alpha  can  reduce  toughness  in 
the  manner  described  for  the  ST  condition.  Section  4. 1.1.1. 
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4. 2. 1.2  Ti-4.5Al-SMo-l.5Cr 

Unlike  TI-6A1-4V,  CORONA  5  did  not  undergo  a  leveling  of  toughness 
after  aging,  see  Figs.  16  and  33,  but  rather  exhibited  a  blanket  reduction. 

The  difference  in  behavior  of  the  two  alloys  can  be  attributed  to  micro- 
structural  variations.  In  the  case  of  CORONA  5  there  is  50%  or  less  of 
primary  alpha,  so  that  the  crack  progresses  primarily  through  beta  or  trans¬ 
formed  beta  region  whereas  the  crack  propagates  essentially  through  primary 
alpha  in  6-4.  After  aging,  the  transformed  beta  regions  of  CORONA  5  contain  a 
high  volume  fraction  of  relatively  small  secondary  alpha  particles.  This 
combination  results  in  a  strengthening  effect  within  the  transformed  beta  and 
a  concomittant  reduction  of  plastic  zone  size,  leading  to  reduced  toughness. 

Examination  of  Eq.  (10)  and  the  raw  data  reveals  no  one  or  two  sig¬ 
nificant  parameters  that  produces  the  large  differences  In  toughness  presented 
in  Fig.  33.  It  appears  that  the  small  differences  in  all  of  the  parameters 
contribute  to  the  total  large  variation  in  toughness  after  aging. 

The  manner  in  which  some  of  the  microstructural  parameters  influence 
toughness  In  STA  CORONA  5  is  opposite  to  that  observed  for  STA  6-4,  cf  Eqs  (5) 
and  (10).  For  instance,  volume  fraction  beta  and  size  of  secondary  alpha  par¬ 
ticles  contribute  in  opposing  ways  in  the  two  alloys.  This  can  be  understood 

when  considering  the  relative  amounts  of  each  phase  in  the  alloys;  that  is, 

there  is  up  to  an  order  of  magnitude  more  beta  phase  In  CORONA  5;  while  the 
size  of  the  secondary  alpha  particles  varies  from  1  to  2  orders  of  magnitude 

smaller  In  CORONA  5.  Volume  fraction  beta  influences  toughness  in  a  positive 

manner  in  CORONA  5  because  the  crack  propagates  through  transformed  beta 
regions  and,  consequently,  increasing  the  amount  of  beta  phase  (relative  to 
amount  of  secondary  alpha)  reduces  the  strengthening  effect  of  secondary 
alpha,  allowing  a  larger  plastic  zone  to  develop  which  results  in  higher 
toughness.  The  secondary  alpha  particles  in  CORONA  5  remain  relatively  small 
and  contribute  only  to  an  Increase  In  strength  and  reduced  plastic  zone 
size.  In  the  case  of  6-4,  the  secondary  alpha  particles  have  grown  suffi¬ 
ciently  large  to  reduce  strengthening  effects  and  to  provide  crack  branching 
during  propagation. 
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Comparison  of  Eqs.  (5)  and  (10)  also  shows  that  beta  stabilizer  con¬ 
tent  of  beta  phase  increases  toughness  and  aluminum  concentration  in  primary 
alpha  reduces  toughness  in  both  alloys.  These  effects  have  been  described 
previously.  Sections  4. 1.1.1  and  4. 2. 1.1 

4.2.2  Fatigue  Crack  Propagation,  Ti-6A1-4V 

Two  observations  are  apparent  when  Eq.  (6)  and  raw  da/dN  data  for  STA 
6-4  are  examined:  (1)  aging  has  increased  the  fatigue  crack  growth  rate,  cf. 
Figs.  11  and  24,  and  (2)  the  influence  of  prior  solution  treatment  has  been 
minimized  by  aging.  Fig.  24.  The  crack  growth  rate  has  increased  after  aging 
due  to  changes  in  the  transformed  beta  regions  of  the  microstructure.  Small 
secondary  alpha  particles  (specimens  with  larger  secondary  alpha  particles 
were  not  tested)  serve  to  strengthen  these  regions,  thereby  reducing  plastic 
zone  size  and  increasing  crack  growth  rates. 

As  was  observed  for  ST  6-4,  crack  growth  rate  is  controlled  by  volume 
fraction  primary  alpha  (implied  in  Eq.  (6)  by  the  volume  fraction  beta  factor) 
and  by  aluminum  and  vanadium  concentrations  of  primary  alpha.  Average  size  of 
secondary  alpha  particles  increases  da/dN  because  their  limited  small  size  in 
the  test  specimens  acts  only  to  strengthen  the  transformed  beta  regions. 
Aluminum  and  vanadium  concentrations  of  secondary  alpha  provide  strengthening 
effects  to  increase  growth  rate.  Crack  growth  rate  has  levelled  after  aging 
due  to  the  effects  of  volume  fraction  beta  and  size  of  secondary  alpha  par¬ 
ticles.  The  lower  solution  temperature  specimen  has  a  higher  volume  fraction 
beta  while  the  higher  solution  temperature  sample  has  a  smaller  secondary 
alpha  particle  size;  each  of  these  leads  to  reduced  da/dN. 

4.2.3  Tensile  Tests 
4. 2. 3.1  T1-6A1-4V 

Regression  analyses,  Eqs  (7)-(9),  show  that  yield  and  ultimate 
strengths  are  Increased  by  Increasing  volume  fraction  secondary  alpha  and 
vanadium  contents  of  beta  and  secondary  alpha,  whereas  strengths  are  reduced 
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by  increasing  size  of  secondary  alpha  particles.  In  addition,  aluminum 
content  of  secondary  alpha  or  primary  alpha  increases  yield  or  tensile 
strength,  respectively,  while  volume  fraction  beta  or  vanadium  content  of 
primary  alpha  reduces  yield  or  tensile  strengths,  respectively. 

Vanadium  in  beta  phase  provides  solid  solution  strengthening  and 
secondary  alpha  particles  create  a  precipitation  hardening  effect.  Increasing 
the  size  of  secondary  alpha  particles  can  result  in  overaging  and  reduced 
strength.  Aluminum  in  alpha  phase  also  produces  solid  solution  strengthening. 

The  influence  of  parameters  on  tensile  elongation,  Eq.  (9),  is  more 
difficult  to  interpret.  Although  it  follows  from  precipitation  hardening 
theories  that  a  reduction  in  volume  fraction  secondary  alpha  contributes  to 
increased  elongation,  the  positive  effect  of  aluminum  in  alpha  is  less 
obvious. 


4.  2.  3.  2  Ti-4.5Al-5Mo-l.5Cr 

Regression  analyses  Eqs.  (11)- (13)  show  a  microstructural  effect  on 
tensile  properties  similar  to  that  observed  for  6-4.  Yield  and  ultimate 
strengths  are  increased  by  increasing  volume  fraction  of  secondary  alpha  and 
molybdenum  contents  of  primary  and  secondary  alpha,  whereas  strengths  are 
reduced  by  volume  fraction  beta,  chromium  content  of  primary  and  secondary 
alpha  and  molybdenum  content  of  beta  phase. 

Solid  solution  hardening  and  precipitation  hardening  are  the  primary 
reasons  for  increased  strengths,  as  was  described  for  6-4.  Chromium  and 
molybdenum  appear  to  act  in  opposition  in  alpha  and  beta  phases.  Chromium 
seems  to  strengthen  beta  phase  and  reduce  effects  of  aluminum  in  alpha  phase 
whereas  molybdenum  has  the  opposite  effects  in  alpha  and  beta  phases.  Similar 
behavior  was  observed  in  fracture  toughness  analyses. 

A  different  set  of  microstructural  parameters  influences  tensile 
elongation  than  influenced  tensile  strengths.  Eq.  (13)  shows  that  increased 
volume  fraction  of  secondary  alpha  reduces  elongation  as  do  chromium  content 
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of  beta  phase  and  molybdenum  content  of  secondary  alpha.  On  the  other  hand, 
molybdenum  contents  of  beta  phase  and  primary  alpha,  size  of  secondary  alpha 
particles,  and  aluminum  content  of  secondary  alpha  all  act  to  Increase  elonga¬ 
tion.  The  general  trend  seems  to  be  that  chromium  in  solution  tends  to  reduce 
elongation  while  aluminum  and  molybdenum  In  solution  tend  to  increase 
elongation. 

4.3  Characterization  of  Powder  Processed  Ti-6A1-4V 

The  presence  of  clustered  bubbles  and  voids  is  apparently  the  result 
of  (1)  trapping  of  impurities  that  are  present  on  powder  particles  surfaces 
and  (2)  incomplete  sintering.  Because  fractography  was  beyond  the  scope  of 
this  program,  no  assessment  was  made  of  the  influence  of  these  defects  on  the 
fracture  process.  However,  voids  and  bubbles  dispersed  throughout  the  micro¬ 
structure  can  lead  to  degradation  of  properties,  such  as  has  been  observed  in 
nickel-base  and  iron-base  alloys.32-33  The  unidentified  coherent  precipitates 
were  widely  dispersed  in  a  low  volume  fraction  through  the  alloy  and  likely  do 
not  present  a  serious  problem  as  far  as  properties  are  concerned. 

The  "as-HIP'ed"  powder  material  exhibited  properties  inferior  to 
those  for  the  alloy  in  the  wrought  condition^  and  Table  XV  reveals  deviations 
in  equilibrium  compositions  of  both  alpha  and  beta  phases,  especially  the 
latter.  Equations  (1)  and  (2)  were  developed  for  a/3  processed  6-4  and  it  has 
not  been  demonstrated  that  they  hold  for  3  processing  such  as  the  powder 
material  examined  here.  The  equations,  however,  can  give  some  insight  into 
the  influence  of  microstructure  in  the  powder  processed  6-4.  Inspection  of 
Eq.  (1)  shows  that  volume  fraction  of  alpha  phase  is  a  major  contributor  to 
reduction  in  toughness,  and  the  "as  HIP'ed"  powder  material  contains  92  volume 
percent  primary  alpha  compared  to  46  percent  for  wrought  6-4  solution  treated 
at  900°C.  Such  a  significant  variation  could  account  for  a  portion  of  the 
reduced  toughness  of  the  powder  processed  6-4.  Equation  (2)  reveals  no  one 
parameter  that  most  significantly  affects  da/dN,  but  inspection  of  Table  XV 
indicates  that  volume  fraction,  aluminum  content,  and  vanadium  content  of 
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alpha  phase  together  with  aluminum  content  of  beta  phase  all  vary  from  the 
corresponding  values  in  the  wrought  material  so  as  to  contribute  to  reduced 
crack  propagation  resistance.  So  that,  although  the  coefficients  in  Eqs.  (1) 
and  (2)  may  not  be  valid  for  e-processed  6-4,  the  toughness  and  da/dN 
equations  can  account  qualitatively  for  the  observed  effects. 

4.4  Fatigue  Crack  Initiation  in  Ti-6A1-4V 

The  lack  of  significant  surface  residual  stress  effects  and  internal 
hydrogen  effects  on  fatigue  life  and  subsurface  initiation  in  this  study  is  an 
apparent  paradox  when  compared  to  other  alloy  systems.  To  understand  this 
apparent  paradox,  one  must  consider  the  cyclic  stability  of  the  three  micro¬ 
structures  studied.  In  a  study  on  the  influence  of  shot  peening  on  fatigue 
behavior  of  titanium  alloys,  Wagner  and  Luetjering34  demonstrated  that,  due  to 
the  "fatigue  process"  occurring  during  shot  peening,  the  yield  strength  will 
increase  with  peening  pressure  and  exposure  time  if  the  alloy  cyclically 
hardens.  However,  there  will  be  a  decrease  in  yield  strength  if  the  alloy 
cyclically  softens.  This  partial  exhaustion  of  the  cyclic  softening  response 
during  shot  peening  will  cause  the  onset  of  plastic  deformation  to  occur  at 
lower  stress  levels  In  the  S-N  test,  thereby  relaxing  the  surface  residual 
stress.  Further,  the  greater  the  degree  of  cyclic  softening,  the  greater  the 
relaxation  rate  of  surface  residual  stresses. 

Previous  work1®  has  shown  that  all  three  microstructural  conditions 
cyclic  soften.  Pre-  and  post-test  surface  residual  stress  measurements  for 
specimens  tested  in  this  program  are  given  in  Table  XXII.  There  does  not 
appear  to  be  a  significant  amount  of  residual  stress  relaxation  in  these 
specimens  on  a  macroscopic  basis.  There  is,  however,  a  strong  potential  for 
cyclic  softening  and  residual  stress  relaxation  at  the  microscopic  level  of  a 
crack  Initiation  site  where  stress  Intensification  Is  present  as  a  result  of 
the  local  deformation.  This  situation  Is  analogous  to  the  response  of  a 
geometrically  notched  member  subjected  to  nominally  elastic  strains  wherein 
cyclic  local  stress  relaxation  will  occur.  Local  residual  stress  relaxation 
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could  then  account  for  the  lack  of  correlation  of  surface  condition  with 
fatigue  life  or  crack  initiation  sites. 


Table  XXII.  Surface  Residual  Stress  Before  and  After  Fatigue 


Spec.  No. 

Surface  Residual  Stress  in  MPa  (ksi) 
Before 

After 

C1F2 

-41 (-6) 

-40.3(-5.86) 

C4F2 

-28(-4) 

-45.5(-6.60) 

C7F2 

-5.5(-0.8) 

-56 .2 (-8.2 ) 

Cl-16 

-634 ( -92 ) 

-598 (-86. 7) 

C4-16 

-634 (-92 ) 

-670(-97.2) 

C7-7 

-207 ( -30) 

-270(-39.1) 

C7-G3 

-522(-80) 

-385(-55.8) 

In  contrast  to  the  effect  of  internal  hydrogen  on  crack  propagation,17 
hydrogen  appears  to  have  no  deleterious  effect  on  fatigue  life  nor  does  it 
promote  internal  initiation.  Lankford,  et  al .  have  noticed  a  similar  lack  of 
hydrogen  effect  in  smooth  bar,  LCF  testing  of  beta-annealed  Ti-6A1-4V.^  In 
their  study,  they  found  a  dwel 1-debit  in  microstructures  which  contained 
little  beta  phase  or  discontinuous  beta  phase,  but  none  in  the  beta  annealed, 
T1-6A1-4V  which  contained  continuous  beta  phase.  The  lack  of  a  dwell -debit 
was  attributed  to  a  combination  of  hydrogen  solubility  in  the  beta  phase  and 
an  absence  of  large  uninterrupted  slip  length  in  the  T1-64.  The  microstruc- 
tural  conditions  of  this  study,  which  contain  approximately  10  vol.  %  retained 
beta  phase,  also  satisfy  the  latter  condition. 

Fractographlc  examination  revealed  a  decrease  of  cyclic  cleavage  with 
increasing  hydrogen  in  the  STOA  and  RA  conditions,  Figs.  48  and  49.  There 
appears  to  be  some  local  enhancement  of  ductility  at  the  initiation  site  due 
to  Increased  hydrogen  levels.  Such  behavior  Is  In  agreement  with  observations 
by  Rhodes  and  Paton^7  in  previous  ONR  work  and  by  Chesnutt  et  al.16  for  room 
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temperature  tensile  behavior  of  RA,  Ti-6A1-4V  which  showed  an  increase  In 
elongation  from  12.4  to  20.7  pet  with  hydrogen  level  increasing  from  3  to 
300  ppm.  Similar  "softening"  behavior  as  a  result  of  increased  hydrogen 
concentrations  has  been  observed  in  pure  iron  by  Kimura  et  al.^6 

The  occurrence  of  only  two  instances  of  subsurface  initiation  in 
spite  of  considerable  efforts  to  promote  such  behavior,  confirms  the  generally 
accepted  conclusion  that  it  is  difficult  to  obtain  subsurface  initiation  in 
Ti-6A1-4V  in  the  absence  of  inclusions  or  significant  microstructural 
inhomogenieties.  The  causes  of  sub-surface  crack  initiation  in  the  two  RA 
specimens  are  not  apparent.  There  were  no  microstructure  anomalies  at 
initiation  sites  and  calculations  show  that  in  the  case  of  the  shot-peened 
specimen,  the  initiation  site  does  not  correspond  to  a  depth  where  subsurface 
tensile  stresses  would  be  maximum. 

Finally,  it  should  be  noted  that  the  present  experiments  were  con¬ 
ducted  on  a  material  with  a  low  oxygen  content  (0.122  wt.  pet.)  in  order  to 
determine  if  other  parameters  significantly  contribute  to  internal  fatigue 
crack  initiation.  The  results  indicate  that  subsurface  crack  initiation  can 
be  avoided  by  lowering  the  oxygen  level  in  Ti-6A1-4V,  even  in  the  presence  of 
Internal  hydrogen  and  compressive  surface  residual  stresses. 
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5.0  CONCLUSIONS 

5.1  Part  I. A.  Effect  of  Sub-Transus  Solution  Temperature  on  Mechanical 

Properties  of  a/6  Ti  Alloys 

1.  Room  temperature  fracture  toughness  in  T i -6A1 -4V  and  CORONA  5 
decreases  with  increasing  prior  solution  temperature. 

2.  Results  of  quantitative  analysis  of  volume  fraction  of  primary 
alpha  and  alloy  partitioning  in  alpha  and  beta  phases  correlate 
with  toughness  behavior  In  T i -6A1 -4V  and  CORONA  5. 

3.  Increasing  volume  fraction  of  primary  alpha,  aluminum  content 

of  primary  alpha,  aluminum  content  of  beta  phase,  and  vanadium 

content  of  beta  phase  reduces  toughness  of  Ti-6A1-4V. 

4.  Increasing  volume  fraction  of  primary  alpha,  aluminum  and 

molybdenum  contents  of  primary  alpha,  and  chromium  content  of 
beta  phase  reduces  toughness  of  CORONA  5. 

5.  Room  temperature  fatigue  crack  growth  rate  in  Ti-6A1-4V 
decreases  with  increasing  prior  solution  temperature. 

6.  Increasing  aluminum  concentration  in  alpha  and  beta  phases  and 
vanadium  content  of  beta  phase  Increase  fatigue  crack  propaga¬ 
tion  resistance  In  T1-6A1-4V,  whereas  volume  fraction  and 
vanadium  content  of  primary  alpha  tend  to  decrease  crack 
propagation  resistance. 

7.  Slow  cooling  of  Ti-6A1-4V  results  In  vanadium  and  aluminum 
concentration  gradients  In  the  beta  phase.  The  gradients 
account  for  the  frequently  observed  effect  in  air-cooled  and 
aged  T1-6A1-4V  in  which  central  regions  of  beta  phase  patches 
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transform  to  a  +  6  while  narrow  strips  and  periphery  of  larger 
patches  remain  untransformed. 

2  Part  I.B.  Effect  of  Sub-Transus  Solution  Temperature  and  Aging 

Temperature  on  Mechanical  Properties  of  a/B  Ti  Alloys 

1.  Aging  can  eliminate  the  influence  of  solution  temperature  on 
toughness  of  Ti-6A1-4V. 

2.  Increasing  the  size  of  secondary  alpha  particles  and  vanadium 
content  of  beta  phase  increases  toughness  while  increasing 
volume  fraction  of  primary  alpha  and  volume  fraction  of  beta 
phase  decrease  toughness  in  Ti-6A1-4V. 

3.  The  influence  of  prior  solution  temperature  on  fatigue  crack 
propagation  rate  is  minimized  by  subsequent  aging  of  6-4. 

4.  Unlike  Ti-6A1-4V,  conventional  aging  does  not  eliminate  the 
influence  of  solution  temperature  on  toughness  of  CORONA  5. 

5.  Quantitative  analyses  show  that  toughness  and  tensile  behavior 
can  be  explained  in  terms  of  volume  fractions  and  chemical 
compositions  of  alpha  and  beta  phases  in  Ti-6A1-4V  and 
CORONA  5. 

3  Part  II.  Characterization  of  Powder  Processed  Ti-6A1-4V 

1.  Powder  processed  Ti-6A1-4V  contains  voids,  bubbles,  and 
particles  on  the  order  of  20-50  nm  in  diameter. 

2.  The  alpha  and  beta  phases  do  not  reach  chemical  equilibrium 
during  hot  Isostatic  pressing  at  900°C. 
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Solution  treatment  of  as-hot-isostatically  pressed  H-6A1-4V 
results  in  equilibrium  partitioning  of  aluminum  and  vanadium  between 
alpha  and  beta  phases. 

HI.  Fatigue  Crack  Initiation  in  Ti-6A1-4V 

Surface  residual  stresses  do  not  significantly  affect  fatigue 
life  of  Ti-6A1-4V  because  such  residual  stresses  are  relaxed 
due  to  cyclic  softening. 

Increasing  the  hydrogen  content  of  Ti-6A1-4V  up  to  300  ppm  does 
not  reduce  fatigue  life  or  promote  internal  fatigue  crack 
initiation. 

Ductility  at  the  initiating  crack  tip  is  increased  with 
increasing  Internal  hydrogen  in  fatigue  tested  Ti-6A1-4V. 
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6.0  APPENDIX 

QUANTITATIVE  ANALYSIS  BY  MEANS  OF  X-RAY  ENERGY  DISPERSIVE 
SPECTROSCOPY  IN  TRANSMISSION  ELECTRON  MICROSCOPY 

Each  manufacturer  of  multichannel  analyzers  for  x-ray  spectra 
supplies  a  computer  program  to  calculate  weight  fractions  of  the  elements  in 
an  alloy.  In  order  for  the  calcualtion  to  be  accurate,  however,  the  program 
requires  the  input  of  numerous  parameters,  some  of  which  are  properties  of  the 
microscope  system  and  some  of  which  are  properties  of  the  sample  being  studied. 
Determination  of  the  values  of  many  of  these  parameters  is  a  trivial  matter 
for  the  microscopist,  but  there  are  others  that  require  time  and  effort  to 
measure,  or  perhaps  are  even  unmeasurable. 

For  instance,  fluorescence  and  absorption  of  x-rays  can  influence 
intensities  of  elemental  peaks  in  an  x-ray  energy  spectrum. In  the  case  of 
transmission  electron  microscope  thin  foil  specimens,  the  measurable  param¬ 
eters  that  influence  fluorescence  and  absorption  are  take-off  (tilt)  angle, 
accelerating  voltage,  foil  thickness,  and  density  of  the  phase  being  exam¬ 
ined.  Values  of  the  first  two  parameters  are  easily  determined,  but  accurate 
measurements  of  the  latter  two  can  be  elusive.  As  far  as  foil  thickness  is 
concerned,  the  microscopist  must  either  estimate  it  or  measure  it  for  each 
spectrum  acquired.  Unfortunately,  the  former  can  introduce  significant  error, 
while  the  latter  requires  a  great  deal  of  time  and  effort.  As  for  density  of 
the  phase  being  analyzed,  it  can  only  be  estimated  since  density  is  a  function 
of  composition,  which  in  this  case  is  unknown. 

If  the  research  requires  analyses  of  a  large  number  of  similar 
spectra,  as  was  the  case  for  the  work  described  in  this  report,  then,  in  the 
interest  of  time  and  accuracy,  a  quantitative  analytical  technique  that 
requires  less  input  for  each  spectrum  Is  desirable.  Such  a  technique  was 
developed  for  T 1 -6A1 -4V  and  Ti-4.5Al-5Mo-l.5Cr  and  is  described  in  the 
remainder  of  this  Appendix. 
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When  a  foil  Is  sufficiently  thin,  the  contributions  of  fluorescence 

and  absorption  to  the  spectrum  are  Insignificant  and  can  be  ignored  for  quan- 
37 

titative  analysis.  Unfortunately,  for  these  phenomena  to  be  disregarded  in 
the  analysis,  the  microscopist  must  be  certain  that  the  spectrum  is  acquired 
from  a  region  of  the  foil  that  is  less  than  some  critical  thickness.  Again, 
this  requires  an  estimate  or  measurement  of  foil  thickness.  Of  course,  spec¬ 
tra  could  be  taken  from  the  thinnest  edge  of  the  specimen  where  the  probabil¬ 
ity  of  meeting  the  thin  foil  criterion  is  almost  certainly  1.0,  but  the  x-ray 
production  rate  will  be  sufficiently  low  in  these  extremely  thin  areas  that 
acquisition  times  become  inordinately  long  and  other  factors  affecting  peak 
intensities,  such  as  surface  contamination,  creep  into  the  picture. 

The  foregoing  restrictions  and  requirements  for  quantitative  analysis 
of  thin  foils  led  to  the  formulation  of  a  technique  that  takes  the  system  and 
sample  variables  into  account  and  normalizes  them.  This  results  in  a  simple, 
but  accurate,  approach  to  quantifying  the  data  in  energy  spectra  from  two- 
phase  Ti  alloys.  The  technique  uses  the  concept  of  ignoring  fluorescence  and 
absorption,  but  does  so  not  by  examining  foils  only  in  very  thin  regions  but 
rather  by  establishing  correction  factors  for  the  alloying  elements  under 
controlled  conditions  that  can  be  reproduced  in  all  specimens  examined.  In 
this  way,  all  variables  that  can  affect  peak  intensities  are  identical  in  both 
unknown  and  standard  samples,  hence  elemental  correction  factors  will  be  valid 
for  all  spectra.  The  technique,  then,  could  be  considered  a  modification  of 

OO 

the  Cl iff-LorimerJO  approach. 

The  expression  used  to  calculate  elemental  concentrations  was 


(Al) 
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where  A*  ^  t 

*  t  J  *  *  •  •  • 


Ti 

Implicit  in  the  correction  factors,  CA.,  are  those  parameters  that  influence 
peak  intensity,  such  as  foil  thickness,  tilt  (take-off)  angle,  etc.  In  order 
for  the  correction  factors  to  be  valid,  the  spectra  to  which  they  are  applied 
must  be  acquired  under  precisely  the  same  conditions  as  those  prevailing  when 
the  correction  factors  were  established. 

Binary  Ti  alloy  standards  that  could  be  heat  treated  to  produce 
either  a  or  p  single  phase  microstructures  (and,  therefore,  uniform  dis¬ 
tribution  of  the  alloying  additive)  were  used  to  establish  the  various  correc¬ 
tion  factors.  Ti-6A1 ,  Ti-20V,  Ti-6Cr,  Ti-28Mo,  and  Ti-13Fe  were  examined  to 
calculate  correction  factors.  All  spectra  were  acquired  under  the  following 
conditions: 


=  alloying  additions  Al,  V,  Mo,  Cr,  or  Fe 
=  correction  factor  of  alloying  addition  A^ 

=  integrated  Ka  peak  intensity  above  background  for  element 
A^  (for  Mo,  La  peak  intensity) 

=  integrated  Ka  peak  intensity  above  background  for  Ti 


120  Kv  accelerating  voltage 
15-20  uA  beam  current 
21°  tilt  angle 
30-40%  dead  time 
20  nm  probe  size 

A  constant  foil  thickness  was  maintained  indirectly  by  acquiring  spectra  only 
from  those  regions  of  the  foil  where  the  time  to  acquire  a  fixed  size  Ti^ 
peak  was  approximately  100  seconds.  This  criterion  was  deduced  to  result  in  a 
constant  foil  thickness  because  x-ray  production  rate  is  a  function  of  foil 
thickness  and  because  the  concentration  of  TI  varied  by  only  a  few  percent 
within  the  a  or  p  phase. 


59 

C/3871A/cb 


I 


Rockwell  International 

Science  Center 


SC5227.1FR 


The  problem  of  overlapping  peaks  is  common  in  quantitative  micro¬ 
analysis  and  it  arose  here  in  the  case  of  Ti-6A1-4V  in  which  the  Ti  peak 
overlaps  the  V  K0  peak.  Two  approaches  were  considered  for  the  application  of 
Eq.  (Al)  to  calculate  vanadium  concentrations:  (1)  use  the  non-overlapped  V 
peak  intensity  or  (2)  mathematically  separate  the  Ti  Kg  and  V  Ka  peak  intensi¬ 
ties.  The  former  was  found  to  be  impractical  because  the  alpha  phase  con¬ 
tained  such  small  concentrations  of  vanadium  that  the  V  K&  peak  was  frequently 
undetectable  above  background.  The  second  approach  was  therefore  pursued  and 
was  developed  in  the  following  manner. 

The  Ti  peak  intensity  (above  background)  ratio  of  Ka  to  K0  was 
measured  in  those  binary  standards  not  containing  vanadium.  A  statistically 
significant  number  of  spectra  was  measured  and  the  mean  value  of  Ka:Ke  was 
established.  This  value  was  then  used  to  calculate  Ti  peak  intensity  in 
Ti-V  standard  spectra  based  on  the  corresponding  Ti  Ka  peak  intensity.  The 
calcualted  Ti  intensity  was  then  subtracted  from  the  total  overlapped  Ti 
and  V  Ka  peak  intensity,  resulting  In  a  calculated  V  Ka  peak  intensity.  The 
correction  factor  for  vanadium  was  based  on  the  calculated  Ka  peak  inten¬ 
sity.  This  technique  was  used  to  determine  vanadium  concentrations  in  both  a 
and  b  phases  of  T i -6A1 -4V . 

The  application  of  Eq.  (Al)  using  correction  factors  developed  from 
binary  standards  has  proven  to  be  a  simple,  straightforward,  and  reliable 
technique  for  quantitative  analysis.  The  microscopist  need  only  set  up  the 
sample  and  microscope  to  conform  to  the  predetermined  conditions  and  simply 
measure  peak  intensities  above  background  for  each  element  in  the  spectrum. 

The  peak  intensities  are  the  only  input  to  the  computer  program  that  calcu¬ 
lates  concentrations  via  Eq.  (Al).  Reproducibility  of  the  results  attests  to 
the  accuracy  of  the  technique,  especially  as  manifested  by  the  pseudo-binary 
phase  diagrams  displayed  in  Figs.  2,  3,  13-15. 
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Fig.  2  A1-T14V  phase  diagram  constructed  from  microanalysis  data 

from  T1-6A1-4V. 
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Fig.  4  A1  content  vs  volume  fraction  of  primary  alpha  in  solution 
treated  T1-6A1-4V  cooled  at  three  cooling  rates. 
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Fig.  5  V  content  vs  volume  fraction  of  primary  alpha  in  solution 
treated  T1-6A1-4V  cooled  at  three  cooling  rates. 
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Fig.  6  A1  content  of  beta  phase  vs  volume  fraction  of  primary  alpha 
in  solution  treated  T1-6A1-4V  cooled  at  three  cooling  rates. 
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Fig.  7  V  content  of  beta  phase  vs  volume  fraction  of  primary  alpha  in 
solution  treated  Ti-6A1-4V  cooled  at  three  cooling  rates. 
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Fig.  8  Profile  of  A1  and  V  concentrations  In  beta  phase  of  T1-6A1-4V 
cooled  50°C/hr  from  900°C. 
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Fig.  10  Measured  fracture  toughness  of  solution  treated  T1-6A1-4V  vs 
fracture  toughness  calculated  using  Eq.  (1). 
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Fig.  12  Measured  fatigue  crack  growth  rate  of  solution  treated 
T1-6A1-4V  vs  fatigue  crack  growth  rate  calculated  using 
Eq.  (2). 
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Fig.  13  Al-(T1-5Mo-1.5Cr)  phase  diagram  constructed  from  microanalysis 
data  from  T1-4.5Al-5Mo-l.5Cr. 
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Fig.  14  Mo-(T1-4.5Al-1.5Cr)  phase  diagram  constructed  from  micro 
analysis  data  from  T1-4.5Al-5Mo-l.5Cr. 
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Fig.  15  Cr-(T1-4.5Al-5Mo)  phase  diagram  constructed  from  micro¬ 
analysis  data  from  T1-4.5Al-5Ho-l.5Cr. 
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Fig.  18  Measured  fracture  toughness  of  solution  treated  T1-6A1-4V 
and  T1-4.5Al-5Mo-l.5Cr  vs  fracture  toughness  calculated 
using  Eq.  (4). 


MPa  vfn 


Fig.  19  Ti-6A1-4V  solution  treated  at  954°C  and  aged  six  hours  at 
538°C.  (a)  Light  micrograph,  (b)  transmission  electron 
micrograph  of  transformed  beta  region. 


82 


Rockwell  International 

Science  Center 


SC82-18124 


SC5227.1FR 


>  r  ■  ■ 

i  u^v  ... 


,ty  '««r- ,«s  / 


'  v,. 


-V  -- 

►  ‘SSfce*1  -^KSsT^  's&Jp  \ 

jPrW.  .*A 


■  v '  >s\\  >-W,  A  \\  V  i 

^5k%;  -rl  > ;  *  ~ 


.>  jd^nL 


Fig.  20  T i -6A1 -4V  solution  treated  at  954°C  and  aged  48  hours  at 
483°C.  (a)  Light  micrograph,  (b)  transmission  electron 
micrograph  of  transformed  beta  region. 
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Fig.  21  Ti-6A1-4V  solution  treated  at  954°C  and  aged  1  hour  at  635°C. 

(a)  Light  micrograph,  (b)  transmission  electron  micrograph  of 
transformed  beta  region. 
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Fig.  23  Measured  fracture  toughness  of  STA  T1-6A1-4V  vs  fracture 
toughness  calculated  using  Eq.  (5). 
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Fig.  25  Measured  fatigue  crack  growth  rate  of  STA  T1-6A1-4V  vs 
fatigue  crack  growth  rate  calculated  using  Eq.  (6). 
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Fig.  26  Room  temperature  tensile  properties  as  a  function  of  prior 
solution  temperature  for  T1-6A1-4V  aged  six  hours  at  538°C 
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Fig.  29  Measured  elongation  of  STA  T1-6A1-4V  vs  elongation  calculated 
using  Eq.  (9). 
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Fig.  30  Ti-4.5A1-5Mo-l.5Cr  solution  treated  at  830°C  and  aged  four 

hours  at  593°C.  (a)  Light  micrograph,  (b)  transmission  electron 
micrograph  of  transformed  beta  region. 
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Fig.  31  Ti-4.5Al-5Mo-l.5Cr  solution  treated  at  830°C  and  aged  24  hours 
at  510°C.  (a)  Light  micrograph,  (b)  transmission  electron 
micrograph  of  transformed  beta  region. 
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Fig.  32  Ti-4.5Al-5Mo-l.5Cr  solution  treated  at  830°C  and  aged  20 
minutes  at  677°C.  (a)  Light  micrograph,  (b)  transmission 
electron  micrograph  of  transformed  beta  region. 
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Fig.  34  Measured  fracture  toughness  of  STA  T1-4.5A1-5Mo-l.5Cr  vs 
fracture  toughness  calculated  using  Eq.  (10). 
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Fig.  35  Room  temperature  tensile  properties  as  a  function  of  prior 
solution  temperature  for  T1-4Al-5Mo-1.5Cr  aged  four  hours 
at  593°C. 
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Fig.  36  Measured  yield  strength  of  STA  T1-4.5Al-5Mo-l.5Cr  vs  yield 
strength  calculated  using  Eq.  (11). 
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Fig.  37  Measured  ultimate  strength  of  STA  T1-4.5Al-5Mo-l.5Cr  vs 
ultimate  strength  calculated  using  Eg.  (12). 
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Fig.  39  Light  micrograph  of  powder  processed  Ti-6A1-4V.  Pre-alloyed 
powder  hot  isostatically  pressed  at  900°C  for  2  hours  at 
15  ksi.  Large  voids  and  inclusions  are  present  in  micro- 
structure. 
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Fiq  40  Transmission  electron  micrograph  of  pre-alloyed  Ti-6A1-4V  hot 
isostatically  pressed  at  900°C.  Voids  have  planar  surfaces, 
bubbles  are  spherical . 
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Fig.  41  Transmission  electron  micrograph  of  pre-alloyed  Ti-6A1-4V  hot 
isostatically  pressed  at  900°C  showing  coherent  ^articles 
(exhibiting  line  of  no  contrast). 
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S/N  data  for  T1-6A1-4V  In  gF  condition.  0.2%  yield 
strength  =  855  MPa. 
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Fig.  47  SEM  fractographs  of  RA  H-6A1-4V  showing  sub-surface  fatigue 
crack  initiation  sites  (arrows),  (a)  3  ppm  hydrogen,  shot- 
peened  and  (b),  100  ppm  hydrogen,  electropolished. 


Rockwell  International 

Science  Center 


SC5227.1FR 


SC82-18132 


Fig.  47  SEM  fractographs  of  RA  T1-6AT-4V  showing  sub-surface  fatigue 
crack  initiation  sites  (arrows),  (a)  3  ppm  hydrogen,  shot- 
peened  and  (b),  100  ppm  hydrogen,  electropol ished. 
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Fig.  49  SEM  fractographs  of  RA  T i -6A 1 -4V  showing  change  in  amount  of 

cyclic  cleavage  with  hydrogen,  (a)  3  ppm  hydrogen,  shot  peened; 
(b)  300  ppm  hydrogen,  shot  peened. 
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